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Abstract 
Cave initiation and its subsequent propagation are essential to the success of block and panel 
caving. To reduce inherent risks and geotechnical uncertainties, the cave should be adequately 
managed in the following areas: undercutting strategy, geometry (size and shape) of the initial 
caving area, rates of undercut advance, and draw control strategies.  The application of cave-
induction techniques such as preconditioning are being used to better manage the overall caving 
process, these include hydraulic fracturing or confined blasting. However, some of these 
conventional methods in isolation may not be adequate to effectively condition the rock mass to 
mitigate risks associated with cave initiation, propagation and general safety. This is particularly 
true for isolated blocks at depth. The concept of intensive preconditioning defined as a combination 
of both hydraulic fracturing and confined blasting was implemented and evaluated as part of this 
research work.  
Work reported in literature and a benchmark study carried out as part of this research showed that 
there was a lack of understanding of the mechanics and response of the rock mass behaviour due to 
preconditioning applications and of its subsequent impact on cave performance. The objective of 
this research work was to implement, assess and, where feasible, quantify the impact of intensive 
preconditioning on rock mass characteristics and subsequent cave performance.  The systematic 
research approach to achieve this objective included preliminary testing, modelling and field 
implementation.  
Preliminary preconditioning tests demonstrated that hydraulic fracturing of hard rock could be 
successfully achieved at depths of 1200m. However, tests showed that the stress field (orientation 
and stress anisotropy) must be considered during design. The conducting of field trials provided the 
basic parameters for the implementation of intensive preconditioning and should therefore become 
integral part of the preconditioning design process. Because intensive precondition is effectively a 
combination of two batch systems, the logistics of implementation such as drilling capacity, water 
availability, explosive supply and delivery should not be underestimated. 
Modelling of confined blasting prior to full implementation was considered beneficial in terms of 
quantifying the effects of blasthole spacing, charge length, primer position and existence or 
otherwise of stress interaction. In this research however the operational constraints dictated the 
implementation of a four holes pattern drilled from the undercut level. The modelling results 
nevertheless demonstrated that the optimum pattern to maximise “interaction” between holes would 
have been a six holes pattern.  
The results from the actual implementation of intensive preconditioning indicated that intact rock 
damage thresholds prior to failure were different from the in situ condition (prior to intensive 
preconditioning). A methodology was developed in order to highlight the differences in the 
thresholds of intact rock damage between samples collected before and after intensive 
preconditioning.   
With regards to the assessment of caving behaviour using microseismicity in conjunction with 
Gutenberg and Richter (G-R) analysis showed that for rock masses without preconditioning, mining 
induced seismicity behaviour is less favourable (higher magnitude and frequency) than a rock mass 
with intensive preconditioning. 
For a rock mass with either preconditioning technique, (i.e. hydraulic fracturing or confined 
blasting), the relative comparison shows that intensive preconditioning produces a much more 
favourable condition in the majority of cases. However, there are cases where the behaviour can be 
classified as similar, nevertheless it is evident that intensive preconditioning reduced the high 
magnitude of seismic events as well as diminished considerably the frequency of the seismicity. 
Overall results indicated that intensive preconditioning achieves beneficial outcomes in terms of 
seismicity management in a condition where the block is fully confined and at depth. 
Draw rate data analysis showed that Cadia East had a draw process during caving to breakthrough 
between 10% and 15% higher at Cadia East in relative terms than blocks without preconditioning. 
When compared to operations with at least one form of preconditioning, draw rate data showed 
higher draw rates of the order of 15% to 28%. Data analysis suggested that cave initiation and 
propagation was faster when compared to blocks and panels from other operations. However, 
further work is required to correlate draw rates and cave propagation.  
The work reported in this research represents the first attempt to apply and evaluate the concept of 
intensive preconditioning as well demonstrating some measurable benefits.  It was however noted 
that more research work is required in order to fully quantify the effects of intensive 
preconditioning on the mechanics of caving to enable the development of design guidelines for 
different geotechnical environments. 
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CHAPTER 1  
Introduction 
 
 
The chapter provides the background and motivation of this research work and outlines the 
objectives and structure of this thesis. 
 
 Chapter 1. Introduction 
2 
 INTRODUCTION 1.1
Over the last 20 years, the application of caving methods to massive, deep and lower average grade 
orebodies has increased. This has clearly been demonstrated by the number of engineering mining 
studies on large-scale or mass mining block and panel caving methods during this period.  Such 
engineering studies have included the Chuquicamata Underground project (Arancibia and Flores 
2004; Arancibia et al. 2008; Fuentes and Adam 2008; Aguayo et al. 2012), Grasberg Block Cave 
(Brannon et al. 2008, 2010) and Oyu Tolgoi Mine (Sinuhaji et al. 2012), Palabora mine (Calder et 
al. 2000), Northparkes mine (Duffield 2000), Ridgeway Deeps (Manca and Dunstan 2008) and 
Cadia East (Manca and Dunstan 2013). The annual production (actual and projected) from these 
projects ranges between 6 Mtpa and 35 Mtpa, with the latter production targets being significantly 
outside current practice (Chitombo 2014). 
It is clear that future ore bodies will require a new generation of block/panel caves, also referred to 
by some as “super-caves” (Brown and Chitombo 2007) in order to effectively and economically 
exploit them. These will be developed at greater depths than current mines and using higher block 
heights with larger mining footprints.  
Figure 1.1 illustrates how block height and footprint width have been evolving in modern cave 
mines. The current trends indicate that higher block heights are being pursued by applying new 
mining practices, such as cave induction techniques to assist the caving mechanics and its 
performance (i.e. initial or induce caving and caving propagation or draw caving rate). In addition, 
potential geomechanics issues have been identified for these new caving operations which involve a 
range of engineering, implementation and management challenges (Brown 2007, 2012). Cavability, 
cave initiation, continued cave propagation, fragmentation, excavation stability and major 
operational hazards (e.g. major collapses, air blast or heavy seismicity) have been identified as the 
potential risks for these future large-scale block/panel caving operations.  Given the anticipated 
complexity of geotechnical environments, the more traditional mining methods are expected to be 
unsuitable and/or uneconomic. 
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Brown and Chitombo (2007) indicated that, in the future, underground mass mining using block 
and panel caving methods will continue to be important for the profitability and sustainability of the 
international mining industry. However, high capital costs and the range of technical risks can 
potentially offset the advantages that these methods offer.  This means the decision to embark on a 
particular underground mass mining project using block/panel caving methods cannot be taken 
lightly, and generally must be preceded by several years of investigation and analysis. 
The inherent geological and geotechnical spatial variability associated with rock masses may have a 
negative impact with an increase in the potential of geotechnical hazards. These include major 
collapses, rock burst, or air blasts. Similarly, geotechnical uncertainty can have an adverse impact 
on critical processes of block and panel caving mining methods (e.g., cavability, fragmentation, or 
cave propagation), as well as on operational safety. Geotechnical uncertainty can never be removed 
completely, but it needs to be reduced or managed to an acceptable level. 
The above suggests that future cave mining will require the development and application of new 
geotechnical and cave engineering processes. This includes the development and implementation of 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Block height versus footprint width of mines and projects using block and panel caving  
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more effective techniques such as preconditioning to help manage and enhance the caving 
processes.  
 PROBLEM DEFINITION  1.2
Cave initiation and its subsequent propagation are essential to the success of block and panel 
caving. Brown (2007) describes several factors that require careful attention to help achieve these 
aims. To reduce inherent risks and geotechnical uncertainties, the cave should be adequately 
managed in the following areas: undercutting strategy, geometry (size and shape) of the initial 
caving area, rates of undercut advance, and draw control strategies. In addition, a comprehensive 
geotechnical data collection program should be implemented (Flores and Karzulovic 2003). Also, 
the undercut height must be considered as a factor that would ensure that the cave propagates, 
reducing start-up time, fragmentation size and ore flow into the drawbells.  The application of cave-
induction techniques such as creating a boundary slot (Flores and Karzulovic 2003, Brown 2007) or 
the use of preconditioning (van As and Jeffrey 2000; Chacon et al. 2002; Araneda et al. 2007) 
should be considered to better manage the overall caving process.  
Brown (2007) defines preconditioning as a process, or well-defined group of processes, 
implemented before the initiation of caving to alter the inherent characteristics of the target rock 
mass and enhance caving. These processes involve treating/modifying the characteristics of the rock 
mass using fluid injection (i.e. hydraulic fracturing) or blasting (i.e. confined blasting). Current 
practice suggests that preconditioning may become an integral part of block and panel caving 
mining.  
The concept of intensive preconditioning, which is the focus of this research is illustrated in Figure 
1.2. Intensive preconditioning is being developed as a potential methodology to significantly 
change existing large-scale condition of the rock mass to be caved. The concept involves 
preconditioning by hydraulic fracturing (hydrofracturing) which is applied through down holes with 
high intensity hydraulic fractures in the lower part of the block; and lower intensity hydraulic 
fractures in the upper part of the block, and preconditioning by drilling and blasting (confined 
blasting) which is applied using up holes from the undercut level. 
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 RESEARCH JUSTIFICATION 1.3
The justification to trial this novel approach as opposed to conventional or current approaches in the 
case of the Cadia East panel cave was primarily driven by safety and productivity requirements 
which included:   
1. Mitigation of potential geotechnical and operational hazards listed earlier 
2. Management of mining induced stresses and seismicity 
3. Assurance of early and faster cave initiation and propagation for isolated and deep panel 
caves 
4. Continuous caving of block heights much greater than current practice  
Until now, this combined approach referred to as intensive preconditioning (see Figure 1.2) had not 
been applied or studied in detail. This thesis focuses on the implementation of intensive 
 
Figure 1.2: Concept of intensive preconditioning methodology for block and panel caving 
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preconditioning and attempts to understand and quantify its performance. The principal hypothesis 
is that intensive preconditioning can modify or alter rock mass conditions in a manner that will 
affect its behaviour and positively influence caving mechanics and its performance, better than 
either non-preconditioned rock masses or rock masses where hydraulic fracturing or confined 
blasting are applied in isolation.  
 RESEARCH OBJECTIVES 1.4
The primary objective of this research work is to implement, assess and where feasible, quantify the 
impact of intensive preconditioning on rock mass characteristics and subsequent cave performance.  
In order to achieve this primary objective, it was necessary to carry out the following tasks:  
1. Conduct a review on preconditioning practices in block and panel caving, and collect data 
from existing operations (benchmarking) 
2. Geotechnical  characterisation of the Cadia East Lift 1 selected for field trials and preliminary 
field tests to define key design and operational parameters to be implemented, including: 
a. Hydraulic fracturing of the full volume of the test block 
b. Confined blasting of the test block 
3. Numerical modelling and evaluation of preconditioning by confined blasting.  
4. Implementation of full scale intensive preconditioning followed by monitoring and analysis 
5. Assessment of intensive preconditioning performance   
 RESEARCH APPROACH 1.5
The research approach adopted in this research included the following: 
1. A comprehensive literature review as well as benchmarking study (current practice) of 
preconditioning in block and panel caving operations was conducted. For the benchmarking 
study, caving operations were visited and data was obtained directly for this research. Data 
consisted of operations which are applying, or are planning to apply, preconditioning 
techniques. The literature review has included international experiences from South Africa, 
Canada, United States, Chile, and Australia. 
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2. Full field-scale experiments were performed in the first panel cave at the Cadia East project to 
measure and assess the intensive preconditioning effects on the rock mass. The main purpose of 
this task was to collect all necessary geotechnical information about the rock mass when 
hydraulic fracturing and confined blasting are applied before caving initiation. This included 
the following tasks: 
a. Geotechnical rock mass characterisation of Lift 1 at Cadia East. Pre- and post-conditioning 
holes were drilled in order to collect core samples which were subjected to intact strength 
tests with acoustic emission monitoring.  
b. With respect to preconditioning by hydraulic fracturing tests, the following data was 
collected: 
 Depth of hydraulic fractures from the collar of drillhole 
 Breakdown pressures 
 Closer hydraulic fractures 
c. With respect to confined blasting, the following data was collected: 
 Peak particle accelerations 
 Rock mass characterisation (static and dynamic assessment) 
 Preliminary calibration of a numerical model for confined blasting 
d. Geotechnical instrumentation was installed in both near-field and far-field areas. The 
sensors were located in drill holes nearest to the intensive preconditioning application. Far-
field instrumentation included a seismic monitoring system composed of 4 tri-axial 
accelerometers of 25 kHz (±500g) and higher broadband resolutions and 8 tri-axial 2.3 kHz 
accelerometers. These monitored seismic activity pre, during, and post the intensive 
preconditioning trial. The near-field instrumentation consisted of 14 tri-axial 
accelerometers with a measurement range of ±5000g and higher broadband resolution, 
these monitored the peak particle velocity of the confined blasting process. 
3. Numerical analysis studies were carried out in order to calibrate and to investigate in more 
detail the effects of preconditioning by drilling and blasting. The University of Queensland 
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background IP, the Hybrid Stress Blasting Model (HSBM) (Ruest et al. 2006; Furtney et al. 
2009; Sellers et al. 2009) was used. 
4. Implementation of full scale intensive preconditioning tests  
5. Evaluation of results and performance by quantifying rock mass conditions and cave 
propagation behaviour. The overall performance is analysed and compared with the 
information obtained from the benchmark study. 
This approach is summarised in Figure 1.3 
 
 
Figure 1.3: Framework of research approach 
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 THESIS STRUCTURE 1.6
This thesis has been structured in seven chapters.  
Chapter 1 provides the background and motivation of this research work and outlines the objectives 
and structure of this thesis. 
Chapter 2 provides a detailed literature review of preconditioning techniques and the applications in 
mining operations. It discusses the preconditioning techniques utilised in cave mining operations, 
identifying key features of these applications, the techniques implemented and the methodologies 
applied. The chapter concludes by emphasising knowledge gaps in the implementation and final 
assessment of preconditioning techniques applied in the caving mining industry. 
Chapter 3 focuses on tests performed at the Cadia East panel caving project to define the technical 
and design parameters of both preconditioning methods; hydraulic fracturing and confined blasting.  
The main outcome of these tests was to define the main parameters adopted in the implementation 
of intensive preconditioning. 
Chapter 4 discusses the results of modelling work conducted with the aim of getting better insight 
into our understanding of the complex process of preconditioning by confined blasting.  The Hybrid 
Stress Blasting Model (HSBM) tool has been used to assess the disturbed and interaction zones for 
confined blasting scenarios. Variables such as the velocity of detonation (VoD) and explosive 
density, typically of an ideal detonation process, as well as geotechnical variables such as intact 
rock mass strength and the stress field were included.  
Chapter 5 gives a comprehensive account of the implementation of intensive preconditioning at 
Cadia East Lift 1 Panel Cave. The author was involved in all aspects of this implementation and 
published at major international conferences. The core of this Chapter is based on two publications; 
the first was published in the 46th US Rock Mechanics / Geomechanics Symposium held in 
Chicago, IL, USA, 24-27 June 2012. The second paper was published in the ISRM EUROCK 2013 
International Symposium held in Poland. 
Chapter 6 discusses the results obtained from a series of analyses that were conducted to evaluate 
the performance of intensive preconditioning. The evaluation criteria involved the definition of 
micro-damage stress thresholds of intact rock from uniaxial compression strength tests with 
acoustic emission monitoring. Caving performance at the macro-scale was evaluated through a 
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direct comparison of mining induced seismicity and draw rates during the cave breakthrough 
process of operations that were part of the benchmarking study conducted by the author. 
Chapter 7 presents the main conclusions of the research and provides recommendations for future 
work in this field. 
 
 
  
 
 
 
 
 
CHAPTER 2  
 
Literature Review 
 
 
This chapter provides a detailed literature review of preconditioning techniques and the 
applications in mining operations. It discusses the preconditioning techniques utilised in cave 
mining operations, identifying key features of these applications, the techniques implemented and 
the methodologies applied. The chapter concludes by emphasising knowledge gaps in the 
implementation and final assessment of preconditioning techniques applied in the caving mining 
industry. 
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 INTRODUCTION 2.1
This review focuses on the application of preconditioning covering applications associated with 
stress management as well as initial applications of the techniques in cave mining. The review also 
includes an examination of two preconditioning techniques (i.e. hydraulic fracturing and confined 
blasting) currently used in caving mining methods, a better understanding of these applications as 
well as their results so far. Cases histories are cited from countries such as South Africa, the United 
States, Canada, Australia, and Chile. 
Preconditioning or “de-stressing” techniques have been applied in deep mining operations where 
high-stress conditions have been an issue. The techniques were used primarily to reduce or mitigate 
the risk associated with violent/catastrophic failure of the rock mass, thereby achieving more-stable 
mining conditions and resulting in safer mining operations. Nowadays, the caving industry has used 
preconditioning techniques in order to improve cave initiation and propagation to reach suitable 
draw rates; as well as reduce the risks of rock bursts and air blasts (Brown and Chitombo 2007). 
Flores (2014) suggests that preconditioning techniques in caving mining operation have been taken 
into consideration to improve caving mechanics and achieve faster cave propagation rates and 
subsequently higher draw rates. Additionally, these improvements have been complemented with a 
reduced cave initiation area and a reduction in the magnitude of seismicity due to caving. Clearly 
from a business perspective, these benefits would translate into shorter mining ramp-up periods as 
well as lower mining operational costs. 
 SOUTH AFRICAN EXPERIENCE 2.2
2.2.1 De-stressing by Blasting 
Preconditioning or “de-stressing”, as it was initially called, was introduced by the management of 
the East Rand Proprietary Mines (ERPM) in the 1950s to assess the feasibility of de-stressing as a 
safety measure to reduce the incidence of rock bursts. Trials were carried out by Roux et al. (1957) 
describing a de-stressing application carried out at an ERPM mine. The technique used was to drill 
3-m deep drill holes into the face and then to blast the reef, ensuring the presence of an adequate 
fracture zone depth at the face of a working stope. The principle was to maintain a cushion of 
fractured rock on the face at all times, thereby shifting the zone of high stress farther away from the 
face into the rock mass. The assessment of these applications was conducted in terms of 
occurrences, incidences, severities of rock bursts, and the effect of de-stressing on production. All 
these aspects were carefully recorded before and after conducting de-stressing applications in 17 
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stopes. De-stressing applications resulted in a decrease in the incidences of rock bursts. A small 
percentage was considered severe and the number of casualties and production delay periods caused 
by rock bursts was reduced. However, rock bursts did occur during and after the de-stressing 
process, which put in doubt overall results of the de-stressing procedures established. Seismicity 
around these trial stopes was not recorded and there was no indication of induced stress 
measurements which could have enhanced empirical evidence.  
Hill and Plewman (1957) described the practical efficacy of de-stressing on ERPM and concluded 
that "...the efficacy of the destressing practice on ERPM is beyond reasonable doubt". Again, these 
analyses are based on reductions in the incidence of damage associated with rock bursts, which 
apparently were not consistent. However, it is pointed out that the “fracture zone” concept seems to 
be of more importance than other concepts in ameliorating problems associated with rock bursts. It 
is also noted that incorporating techniques to measure strain and stress on the depth of the fracture 
zone is important. 
Additional work was carried out on de-stressing by blasting by the South African Chamber of 
Mines (COMRO) during the late 1980s. The apparent controversy over the results of the ERPM de-
stressing trials was one of the reasons to undertake a programme of de-stressing and 
preconditioning research. Hill (1982), Tyser (1982) and Ortlepp (1982) re-assessed these 
applications and indicated that the de-stressing exercise was a success. They added, however, that 
the real reasons why de-stressing was not routinely carried out were difficulties experienced with 
long-drilling preconditioning blast holes and charging up the stress-deformed holes in deeper areas. 
Adams et al. (1993) carried out preconditioning blasting experiments at Blyvooruitzicht Gold mine 
as a mitigation measure to reduce the occurrence of rock bursts and damage associated with face 
bursting. The method involved drilling preconditioning blast holes parallel to the dip of the reef and 
parallel to the mining face. The effect of preconditioning was assessed by a seismic network 
covering the preconditioning site using instrumentation for measuring convergence in these stopes. 
Fracturing mapping (i.e. stereo photography) was used to record the number and orientation of new 
fractures in the hanging walls of the stopes, and ground penetrating radar was used to quantify the 
amount and extension of fracturing in the rock mass ahead of a working face. From an operational 
point of view, it was demonstrated that preconditioning can be implemented safely. These trials 
quantified the real effect of preconditioning by blasting on the rock mass, and they allowed a better 
understanding of mechanisms to improve the design of preconditioning by blasting. However, the 
studies did not measure the effect on rock mass strength nor evaluate the changes in induced 
stresses. 
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The Council for Scientific and Industrial Research (CSIR) during the late 1990s carried out an 
extensive rock burst control research programme. This work developed preconditioning techniques 
to enable mines to operate safely in areas which are at risk from seismicity and resulting rock bursts 
(Lightfoot et al. 1996 and Durrheim et al. 1997). A number of field trials were performed by 
Lightfoot et al. (1996) at West Driefontein mine and Blyvooruitzicht Gold mine. Alternative 
preconditioning methods were undertaken and design guidelines were provided for face-parallel, 
face-perpendicular, and remnant-pillar extraction applications. Durrheim et al. (1997) found that 
effective implementation of new technologies, such as preconditioning and de-stressing under rock 
burst conditions, reduces the hazard of face bursts. Toper et al. (1997 and 1998) researched the 
effectiveness of two different preconditioning techniques, namely, face-parallel preconditioning and 
face-perpendicular preconditioning, which were applied at the Western Deep Levels Mine. Both 
techniques have prevented face-bursting in areas where they have been applied, but the fundamental 
reason for investigating these techniques was due to practical limitations such as drilling long 
parallel holes, the first of which can be difficult under many operational circumstances. Face-
perpendicular preconditioning can usually be readily integrated into an existing mining cycle 
without any disruption to production, and guidelines for both techniques were compiled. Qualitative 
analyses of the effect of preconditioning were centred on seismic activity, convergence of the 
excavation, fragmentation, rock mass fracturing extension, safety, productivity, and worker 
perceptions. The main focus of these studies was to provide design guidelines to face-parallel and 
face-perpendicular preconditioning applications. However, rigorous assessment was not conducted 
to determine how much preconditioning may be required, or to accurately measure how much 
damage has been incorporated into the rock mass using preconditioning by blasting. 
An extensive optimization study was carried out for the face-perpendicular preconditioning 
technique to determine the optimum blast parameters for achieving the most effective 
preconditioning (Toper et al. 2002). This research concluded that the differences in results obtained 
by varying the preconditioning parameters were less significant than the clear positive differences 
observed when comparing preconditioned areas with non-preconditioned areas. 
2.2.2 De-stressing by Fluid Injection 
Board et al. (1992) explain an application of injection of water and bentonite slurry from boreholes 
into a fault to force seismicity at the Buffelsfontein Gold Mine in the Klerksdorp area of South 
Africa. This application was specifically designed to cause slip on fault surfaces because this 
mechanism often is identified as a major source of rock burst in deep mining. Three holes 
intersected a fault and were prepared for injection by grouting casing pipes into the hole and sealing 
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them except at the fault intersection. The high pressure system used for the injection was able to 
produce 30 MPa of injection pressure at 80 l/min of water injection rate about 10 minutes after 
quasi-static conditions were reached. A microseismic monitoring system was used to identify 
seismic activity associated with the fault test zone. The fluid injection test demonstrated that the 
process induces small-scale seismic events near the injection point which would trigger early 
slippage along this fault. In other words, hydraulic fracturing would have released an amount of 
seismic energy of the system and might indicate that fluid injection could be a successful method 
when the structures are in a highly-confined, undisturbed, and high-stress state. This method 
demonstrated the possibility of hydraulic fracturing as a preconditioning technique in hard rocks. 
 UNITED STATES EXPERIENCE 2.3
2.3.1 De-stressing by Blasting 
In North American mines, pillar de-stressing is widely practiced. It consists essentially of drilling 
and blasting long-holes before stoping takes place; hence the rock mass is under its lowest stress 
condition. These practices have been reported as preconditioning reduced seismic activity during 
mining (Blake 1971). 
A de-stressing test at the Galena mine, Wallace, Idaho, is described by Blake (1971). Field and 
laboratory investigations to determine the effectiveness of de-stressing as a means of controlling 
pillar bursting are shown in detail and demonstrate that de-stressing by blasting is an effective 
mitigation technique to control pillar bursting. Micro-seismic monitoring and seismic velocity 
surveys were used to validate the effectiveness of the stress test. These measurements were carried 
out before and after the de-stress process. Evidence of intensifying rock noise generated after de-
stressing indicated that the pillars were still under a critical stress and also, increasing in seismic 
velocity, and surveys through the pillar indicated that the stress in the pillar increased. However, 
direct in situ and induced stress measurements were not reported and these changes were not 
quantified. 
Karwoski et al. (1979) performed a full-scale field demonstration at Hecla Mining Co.'s Star-
Morning mine to test a new rock burst control concept: “rock preconditioning in advance mining”. 
Comparison of pre- and post-blasting data indicated that blasting fractured the rock in the target 
zone and resulted in an immediate stress decrease and softening rock. To quantitatively determine 
the effectiveness of this experiment, a robust instrumentation program was designed and installed, 
and data was collected before and after blasting and during later mining of the stopes. Measured and 
compared were those quantities that would be affected by the fractured zone, namely, the seismic 
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velocity through the blasted zone, the stress in the walls around the zone, and any displacements 
across the zone. Results indicated that preconditioning in advance of mining improved rock burst 
management. As a result it concluded that preconditioning permitted initial mining in a de-stressing 
zone and subsequent mining in a pre-fractured pillar generally free from rock bursts.  
Blake (1987) described the occurrences of rockbursts in mines in the Coeur d‟Alene district of 
northern Idaho. Case histories and examples of control measures were presented. Rock burst 
occurrences were avoided through de-stressing by blast fracturing the rock mass in a high-stress or 
potential rock-burst zone to reduce stresses; as well as modify material properties. The most 
successful applications of de-stressing were conducted on development headings and burst-prone 
pillars. Despite this, it was indicated that this technique should be used with care because the 
transfer of stress from de-stressing may cause a similar or worse problem in adjacent or nearby 
highly stressed zones. 
Board and Fairhurst (1983) presented a field experiment conducted in the Star mine, Coeur d‟Alene 
district, Idaho, which demonstrated the positive results of de-stressing by blasting to mitigate the 
damage severity of rock bursts. Results from installed geotechnical instrumentation (e.g. seismic 
system, pressure cell, and vibrating wire stress), as well as from field observations (e.g. closure 
points), were used to assess the results of the de-stressing application. These measurements 
indicated that seismic activity was minimal during the mining process and only low-magnitude and 
low-frequency events were recorded. Also, pillar stress measurements decreased significantly. 
However, the effect of the de-stress technique on rock mass strength was not assessed. In fact, 
measurements of elastic properties after de-stressing were not carried out (e.g. pillar stiffness 
behaviour). Also, the degree of fracturing of the rock mass after confined blasting was unknown. 
Jenkins and McMahon (1987) provided a historical review of the research carried out by the US 
Bureau of Mines in the Coeur d'Alene mining district of Idaho, describing a series of de-stressing 
by blasting studies performed in four mines: Lucky Friday Mine, Galena Mine, Star Mine, and 
Crescent Mine. De-stressing was considered in three categories: face de-stressing, zone de-
stressing, and pillar de-stressing. The authors concluded that no engineering procedures exist to 
design de-stressing by drilling and blasting program and that trial and error is presently employed. 
Boler and Swanson (1993) conducted research at Galena Mine, Wallace, Idaho, with the aim of 
mitigating the effect of rock bursting using de-stressing by blasting. Seismic observations and 
measurements of changes in ground stress were made in conjunction with de-stressing of a mined 
stope. These provided a qualitative evaluation of the effectiveness of de-stressing by drilling and 
blasting. Additionally, the state of stress and principles of fracture mechanics were used to assess 
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whether a particular de-stressing method is capable of inducing strain energy release through 
seismic events or softening the remaining rock pillar. No significant seismic events were observed 
coincident with any of the de-stressing attempts. However, over a number of weeks, several 
significant seismic events occurred near or surrounding the de-stressed stope. The methodologies 
incorporated to assess this de-stressing by drilling and blasting technique, such as stress condition 
and fracture mechanics, were not conclusive.  
 CANADIAN EXPERIENCE  2.4
2.4.1 De-stressing by Blasting 
In Canadian mines, de-stressing has normally been practised in deep mines where highly stressed 
conditions prevail with heavy seismic activity and damage associated with severe rock bursts. 
Development headings, production stopes, and geologic faults have been featured in experiments 
with de-stressing blasting. 
Hedley (1992) describes the rock mechanics concepts and typical de-stressing blasting applications. 
Three principal applications in mining operations of de-stressing were considered: (1) development 
headings, either horizontal or vertical (e.g. shafts); (2) pillars in narrow steeply dipping ore bodies 
mined by cut-and-fill, stope-faces, rib-pillars, remnant-pillars, or panels; and (3) active faults. All of 
these applications have been widely used in Canadian mines with reasonably good results. 
Additionally, Hedley pointed out a number of important conclusions regarding de-stressing and its 
influence on the rock mass. These indicated that the most widely accepted mechanism is the 
softening of the rock mass and the reduction of its effective elastic modulus. It is reasonable to 
conclude that the principal mechanism of stress reduction resulting from de-stressing by blasting is 
a lowering of the potential energy of the local rock mass, although this is difficult to prove with the 
available field measurements. Unfortunately, rock mass assessments before and after de-stressing 
by blasting were not carried out. 
Labrie et al. (1996) describe an experimental de-stress blast carried out at Sigma mine, Val D‟Or, 
Quebec, under the sponsorship of the Canada Centre for Mineral and Energy Technology 
(CANMET). The goal of this trial was to find a way to decrease the stresses induced by mining in 
loaded areas. The de-stress blast was performed in the sill pillar of a stope located 1,500 metres 
below surface. Geo-tomographic survey, monitoring of in situ stresses, rock mass deformability, 
seismic activity, and measurements of rock mass properties were used to determine the efficiency of 
the blast. Results showed the difficulty in measuring the efficiency and success of large scale 
experiments, mainly because of sampling issues and the precision of the instrumentation used.  
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Malek et al. (2009) describe the evolution and implementation of appropriate geomechanics 
strategies, designs, and practical ground control measures undertaken for the management of 
seismicity at Vale Inco‟s Creighton mine. De-stress blasting played a fundamental role in this 
strategy. As a result strain bursts and stress-related issues were minimized in development headings. 
2.4.2 Preconditioning by Blasting 
There is a fourth type of de-stressing by blasting which involves a volume of rock mass which is 
prepared, or conditioned, prior to mining actually taking place, i.e., preconditioning. Andrieux et al. 
(2000) describe a large-scale panel de-stress blast at Brunswick Mine under the sponsorship of the 
Canadian Mining Industry Research Organisation (CAMIRO). Near-field blast vibration monitoring 
equipment, visual post-blast assessments, and measured impact on the regional stress field were 
used to monitor these blasts. Additionally, 3DEC numerical modelling was carried out to compare 
the measured stress changes with inelastic numerical modelling of the test site. From this test, it was 
not possible to determine with certainty the extent to which local ground stresses were reduced by 
the de-stress blast carried out at Brunswick Mine, because absolute stress measurements before and 
after the de-stress blast were unavailable. However, in relative terms, a pair of uniaxial Geokon 
vibrating wire stress cells provided a strong indication that the blast was successful in reducing the 
stress levels in the targeted region. Subsequently, Liu et al. (2003) carried out two additional 
confined large-scale de-stress blasts at Brunswick Mine. The first blast was in the West Ore Zone 
and was designed to intersect the principal stress across an area 135 m along strike and 86 m high. 
The second blast was performed at the North Regional Pillar. Both trials using preconditioning by 
blasting were considered successful, because micro-seismic activity post-blast dropped significantly 
and stresses were transferred to other areas. In both applications, preconditioning by blasting was 
found to be an effective way of releasing stress concentrations.  
Over the last 10 years, and with the experience acquired from massive de-stress blasting, a design 
and assessment methodology has been undertaken on a rock engineering system in order to quantify 
the effect of large-scale confined de-stress blasting in mine pillars. The first approach pursued was 
to design a methodology for de-stress in hard rock (Brummer and Andrieux 2002). Variables such 
as the total explosive energy in the blast and the total mass of rock targeted by the de-stress blast 
were manipulated to obtain the explosive energy factor. Practical recommendations, or procedures, 
were provided as a starting point for determining explosive energy factors and achieving a practical 
design. Case studies were used to support this empirical methodology (e.g. at the Falconbridge 
Fraser Mine). However, rock mass strength parameters were not considered in this methodology. 
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This would have provided a better understanding of the effective reduction in elastic and dynamic 
rock mass properties and how a confined blast could modify rock mass characteristics.  
Successively, a methodology was developed to quantify the effectiveness of large-scale confined 
de-stress blast for a given rock mass condition and stress regime. Andrieux and Hadjigeorgiou 
(2002), Andrieux et al. (2003, 2004) and Andrieux (2005) give an extensive background and 
detailed description of this methodology. Variables such as stiffness, strength, brittleness, and 
degree of fracturing of the rock mass; proximity to failure; de-stress blast orientation with respect to 
σ1; width of the target zone; explosive energy per tonne of rock; confinement of the explosive 
charges, and the results of de-stress blasting are used to quantify the results of a confined blast. Its 
effect and efficiency on the rock mass strength have been incorporated in a matrix in order to assess 
the level of interaction of these parameters. The strength of this approach is supported by its ability 
to quantify the amount of explosive energy required per tonne of targeted rock mass as a function of 
the rock mass characteristics and the prevailing stress regime.  
Subsequently, Andrieux and Hadjigeorgiou (2008) have incorporated the empirical De-stressability 
Index for the assessment of the likelihood of success of large-scale confined de-stress blasting, 
which is based in the methodology indicated previously. Several successful case studies, such as 
Fraser Mine, Brunswick Mine and, more recently, Onaping Mine have been used to validate the 
applicability of this index.  
 AUSTRALIAN EXPERIENCE 2.5
2.5.1 De-stressing by Blasting 
The Australian underground mining industry has historically not been affected by particularly high 
stress conditions. Preconditioning or de-stressing by blasting was not part of any research, and the 
technique has not been widely used to reduce the damage and consequences caused by seismic 
activity. 
However, Mikula et al. (1995) and Poplawski (1997) reported application of de-stressing by 
blasting at Mount Charlotte Mine, located near Kalgoorlie, Western Australia. The long-hole open 
stoping method implemented at the mine has resulted in the creation of highly-stressed rib and sill 
pillars, some of which are prone to violent failure. The de-stressing application employed seventeen 
vertical blast holes which were drilled downwards to a depth of 53 metres and were 140 mm in 
diameter. The de-stress blast was instrumented with Hollow Inclusion stress cells which monitored 
changes of mining stresses; near-field vibration blasting sensors; extensometers, which detected 
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displacement along the geologic fault; and a microseismic system. This instrumentation assessed 
the response of the rock mass to the de-stress blast. The de-stress by blasting was qualitatively 
described by the authors as successful. However, stress changes showed erratic values; thus the 
effectiveness of the de-stressing application remained debatable. 
2.5.2 Preconditioning by Hydraulic Fracturing 
2.5.2.1 Northparkes Mines 
The first application of hydraulic fracturing was performed at Northparkes Mines in 1997 (van As 
and Jeffrey 2000). Hydraulic fracturing was used successfully to induce caving at the E26 Lift 1 
block cave after caving had stalled. Two different tests were carried out to introduce the technique 
as well as to gain expertise with the methodology. An inflatable straddle packer system and diesel 
powered triplex pumps were used to conduct the hydraulic fracturing. A total of 127 hydraulic 
fracture treatments were conducted in ten down boreholes. According to the rock mass conditions, 
as well as the stress field, variables such as injection pressure, instantaneous shut-in pressure, and 
injection flow rate were defined from these trials to generate hydraulic fractures. In addition, 
microseismic events, geotechnical monitoring data, and pre-existing open holes provided valuable 
information on hydraulic fracture growth and fracture orientation. These measurements suggested 
that the fractures were extended from 40 metres to 135 metres from the injection point. Opening 
fractures were formed perpendicular to the measured minor principal in situ stress direction. This 
application proved to be a highly successful cave induction tool at Northparkes Mines. However, 
other concepts such as rock mass strength reduction and attenuation of the effective stress were not 
clearly attributed to the application of hydraulic fracturing.  
As part of the International Caving Study, Stage II (Chitombo 2005), site experiments of 
preconditioning by hydraulic fracturing were undertaken in Australia and Chile. These experiments 
were developed to provide design criteria for carrying out efficient and effective rock mass 
preconditioning prior to caving moderately stressed and naturally jointed rock masses. The main 
objectives of this research were to define the size and orientation of the hydraulic fractures created; 
to map the interaction of natural fractures with hydraulic fractures; to quantify the induced changes 
to rock mass condition and in situ stress; to quantify and develop methods for modelling the fluid 
leakage into the rock mass; to measure relative amounts of opening and shear fracture growth and 
predict the amounts of each in a given rock mass; and to assess and predict the rock mass cavability 
and primary fragmentation size distribution before and after hydraulic fracturing. 
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The ICS II tests were undertaken at Northparkes Mine E26 Lift 2 block cave (van As et al. 2004). 
Numerous NQ diamond drill holes, spaced at 25m centres along a north-south oriented drill drive 
were used in order to install geotechnical instrumentation and monitor hydraulic fractures. A single 
HQ hole was drilled between the monitoring holes and was used as the injection hole, along which 
all of the hydraulic fractures were positioned. The fracture fluids contained fluorescent and plastic 
proppants that enabled the fractures to be traced visually. Near-field and far-field monitoring 
systems were installed in the drill holes nearest to the injection hole. The near-field instrumentation 
included ANZI stress change cells (Mills and Jeffrey 2004), piezometers and extensometers, packer 
systems with pressure transducers, and open drill holes. The far-field instrumentation included the 
seismic monitoring system, the down-hole seismic system, and an array of tiltmeters located 
throughout the mine. Eight fracture treatments were carried out during the preconditioning 
experiment (Lecampion et al. 2004). Fracture sizes were defined through open hole intersections, 
several piezometers, extensometer, and packer monitoring points which provided data on fracture 
growth rate, pressure, and opening. An array of nineteen tiltmeters was deployed to monitor the 
hydraulic orientation fractures formed in the rock mass, which were found to be sub-horizontal and 
dipping to the east. Stress change was measured during each treatment using three ANZI stress 
change cells. These indicated that the magnitude of the maximum stress change observed varied 
from 0.5 to 1.4MPa, for distances of 15-40m from the fracture plane during the treatments using 
water, and from 2.3 to 3.3MPa at 15-25m from the fracture plane using gel. The seismic activity 
associated with hydraulic fracturing was unexpectedly high and tended to lag breakdown; elevated 
seismic activity continued for approximately 10 days after the hydraulic fracturing. Down-hole 
seismic measurements of the treated rock mass were conducted before, during, and after hydraulic 
fracturing and revealed that the travel-time increased over a distance of 91 metres by 2.0 meters per 
second (i.e. 6.7 %). This indicated that fluid penetrates, opens, shears, and propagates existing 
fractures of the primary structural arrangement. Results from these preconditioning experiments 
revealed a reduction in P-wave velocity of about 15%. These results may be interpreted as an 
increment in fracture frequency and/or opening of existing fractures which could potentially 
decrease rock mass quality. 
The work at Northparkes mine established the basis for designing and applying preconditioning by 
hydraulic fracturing in block and panel caving. However, the effects of hydraulic fracturing on rock 
mass strength and on the in situ stresses did not show significant changes. In fact they could be 
associated with the error introduced in measurements, the heterogeneity of the rock mass in terms 
of elastic modulus, or simply the natural uncertainty of these techniques. On the other hand, 
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operational benefits such as caving behaviour and fragmentation assessment of the caving process 
were not determined. 
2.5.2.2 Ridgeway Deeps, Newcrest Mining Limited 
Ridgeway Deeps block caving utilised hydraulic fracturing prior to initiating the caving. The 
application comprised two stages: (1) preliminary hydraulic fracturing trial (Jeffrey 2007) and, 
subsequently, (2) full-scale application (Boreham et al. 2009).  
The trial of hydraulic fracturing was undertaken in order to measure parameters needed to design a 
hydraulic fracturing equipment system and to specify the key operational parameters such as 
instantaneous shut-in pressure (ISIP), breakdown pressure, pump capacity, and rate of water 
injection. Before starting the fracture treatments, tilt meter, microseismic, and stress change remote 
monitoring systems were installed in and around the target rock mass. Eight hydraulic fracture 
treatments were carried out in one borehole. The results of this trial indicate that a fracture 
breakdown pressure of at least 42 MPa and sometimes about 53 MPa were required. Fracturing 
pressure varied from 40 to 50 MPa at 200 to 300 litres/minute of injection. The instantaneous shut-
in pressure (ISIP) recorded was consistently about 33 to 34 MPa. The ISIP gives a measure of the 
pressure in the fracture after fluid friction and fracture entry loss are eliminated. These variables 
indicate that fractures can be grown to 50 m radius by injecting 10,000 litres of water. Finally, it 
was possible to determine that a pump capable of delivering 70 MPa and at least 200 to 300 litres 
per minute was required in order to produce hydraulic fractures of approximately 50m radius, as 
shown in Figure 2.1.  
 
  
 
 
 
 
 
Figure 2.1: Newcrest Mining Limited injection pump (Boreham et al. 2009) 
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A full-scale preconditioning by hydraulic fracturing was performed between November 2007 and 
March 2009. A total of 16 boreholes or an accumulated 6,725 m were drilled for use as 
hydraulically fractured injection holes. Fracture spacing was of the order of 3.1 meters and a total of 
508 hydraulic fractures were carried out. Results from this application indicated that the range of 
breakdown pressures required were between 31 and 70 MPa, with an average value of 49 MPa. 
With regard to instantaneous shut-in pressure (ISIP), these values were 25 to 41 MPa with a typical 
value of 32 MPa. The injection water rate required was consistently between 8,800 and 10,000 litres 
per minute, and fracture run times were a minimum of 15 minutes to a maximum of 25 minutes. 
These operational variables, i.e. fracture run time and injection rate, indicated that the fractures 
would be grown to 50 m radius from the injecting point. Successful fractures were initiated at 
depths between 50 m and 270 m (maximum fracture depth). Figure 2.2 presents a plot of a single 
propagation of the fracture in a hole at 260 m from the collar of the hole. 
To assess the impact of hydraulic fracturing on the treated rock mass, geotechnical instrumentation 
was used to collect a set of baseline data such as (Boreham et al. 2009): 
 Televiewing before and after images in combination with the drill core information. These were 
used to assess localised damage induced by the initiation of hydraulic fractures as well as to 
avoid areas of poor hole condition. 
 Observation and nearby boreholes were used to verify the hydraulic fracture propagation. 
  
 
 
 
 
 
 
 
Figure 2.2: Pump injection pressure and injection rate down hole 
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 Cross hole tomography with a non-destructive piezoelectric source was used to give a before and 
after review of the larger-scale dynamic rock mass properties by measuring P and S wave 
velocities. These velocity values were used to estimate elastic modulus and their changes during 
and after the hydraulic fracturing process. 
 Measurements of gradient of deformation produced by the hydraulic fractures were undertaken 
using tiltmeters. 
 A micro-seismic monitoring system was used to record the seismic response of the rock mass to 
the generation of a hydraulic fracture. Two main types of seismic events are expected to be 
generated: those at the front edge of the growing hydraulic fracture plane, and those in the 
surrounding rock mass as the fluid lost into the rock reduces the effective normal stress on 
natural fractures, promoting shear events as the hydraulic fracture width increases and the local 
stress field is changed. 
The methodologies incorporated to assess the preconditioning application in terms of fracture 
orientation, the rock mass strength and seismic response of the rock mass, were not decisive and 
also controversial, e.g. random changes of P and S wave velocities have not conclusively proven 
that that variations of the elastic dynamic modulus can be achieved. Also, seismic response did not 
provide a clear indication of stress changes and neither the fracture orientation. In this context, it is 
not possible to conclude that preconditioning by hydraulic fracturing achieved the desired results 
because these results are contradictory. 
2.6 CHILEAN EXPERIENCE 
In the last decade, Codelco Chile has undertaken a comprehensive research and development 
preconditioning program in order to use in its caving mining operations. The original approach was 
to modify a known technique called hydraulic fracturing which has been used widely in the oil 
industry. Subsequently, drilling and blasting techniques were introduced which was denominated as 
Dynamic Weakness with Explosive.  
The main focus of this research program was to modify the in situ rock mass condition previously 
to implement a block or panel caving mining method. The original main goals of preconditioning 
program were to improve the caving mechanics and to enhance the fragmentation. 
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Rio Blanco mine was the first drilling and blasting application in panel caving. Later, El Salvador 
mine introduced the preconditioning by hydraulic fracturing which currently is typically used at 
Codelco mining operations. 
2.6.1 Preconditioning by Drilling and Blasting 
Preconditioning by explosive has not been used widely. However, Andina Division of Codelco-
Chile has used this technique in an effort to improve the cavability and its fragmentation in primary 
ore. 
2.6.1.1 Rio Blanco Mine, Codelco Chile 
Chacon et al. (2002) describe an industrial-scale preconditioning trial using drill and blast in Panel 
III in Rio Blanco Mine of Codelco-Chile. Their main objectives were to determine the potential use 
of this preconditioning technique in production at Rio Blanco Mine and subsequently to improve 
the cavability and fragmentation of the primary ore. The field trials were divided into three small 
field tests, which were designed and executed to determine the main parameters that may control 
confined blasting. Subsequently, a full-scale application was carried out (Chacon et al. 2002). 
The main objectives of this first trial were to: (a) measure the compression (Vp) and shear (Vs) wave 
velocities of the rock mass; (b) determine the attenuation laws of the primary ore and detonation 
shear stresses; (c) measure the natural vibration level of rock mass; (d) determine the detonation 
pressure for different explosives; and (e) to define near-field instrumentation system requirements 
in order to capture the near-vibration velocity. 
The near-field instrumentation, including nine tri-axial geophones, was set up between the charges 
in order to measure the vibration level of the blast. The seismic cross-hole velocity measured the 
compression (Vp) and shear (Vs) wave velocity through the blasting test. ANFO and emulsion were 
chosen to determine their respective compression and shear wave fields. The trial consisted of 
measuring the vibrations of two cylindrical charges (5 and 10 meters long) in order to generate 
supersonic and transonic detonation waves (Rossmanith et at. 1997; Uenishi and Rossmanith 1998; 
Kouzniak et al. 1998; Rossmanith and Kouzniak 2004). The supersonic case used an emulsion 
(density: 1.25 gr/cm
3
, detonation velocity: 5,500 m/s); for the transonic case ANFO was used 
(density: 0.78 gr/cm
3
, detonation velocity: 4,000 m/s). Cross-hole tomography was conducted with 
two booster charges in order to check the velocity of propagation of the seismic waves (Vp and Vs). 
A network of nine tri-axial geophones was set out between the charges whose positions were 
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calculated in order to ensure the capture of the Mach waves. The configuration of this field test is 
shown in Figure 2.3. 
Axisymmetrical numerical modelling (Vanbrabant et al. 2002) was conducted to simulate and 
calibrate the detonation of a finite cylindrical charge and the respective P and S waves. The main 
goal of this trial was to measure dynamic parameters needed to simulate detonation of cylindrical 
charges and their respective P and S Mach waves, which define the ability to generate a supersonic 
detonation (i.e., the velocity detonation of a cylindrical charge is larger than the velocities of the Vp 
wave, and Mach P and S waves appear). 
The calibration process was carried out using the near-field vibration measurements, which were 
adjusted to all the geophones curves. In general terms, the models achieved an adequate 
representation of the shape and duration of compression (Vp) and shear (Vs) wave velocities of the 
rock mass. Typical results of the numerical modelling are shown in  
Figure 2.4. These numerical analyses were used to design a full-scale application in terms of charge 
distribution, delay sequence, and effective preconditioning by drilling and blasting trial. 
 
 
 
 
 
 
 
 
Figure 2.3: Trial design configuration (Vanbrabant et al. 2002) 
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The tests identified supersonic and transonic waves, which rely exclusively on the relative 
magnitude between the velocity of propagation of seismic waves and the explosive detonation 
velocity (VOD). An emulsion with a velocity of detonation over 5,500 meters per second was 
suitable to achieve a supersonic detonation and, subsequently, its application in preconditioning by 
blasting in Rio Blanco Mine. 
The second trial was used to measure the interaction of stress waves, as this is the basis of the most 
important concept of preconditioning by blasting. Additionally, electronic detonators were used for 
the first time in these applications. Operational aspects such as grouting stemming of faster and 
higher strength were tested. Near-field instrumentation, such as seismic cross-hole tomographies 
was used to assess the effect of preconditioning and vibration. Measurements were made with eight 
tri-axial geophones which were installed between the explosive charges. Optical televiewer 
borehole images (OTV) were used to scan all boreholes prior to the test. ANFO was chosen for this 
test. The initiation sequence considered one blast hole first; after that, and simultaneously, the other 
two blast holes. This initiation sequence allowed recording of all waves at the eight tri-axial 
geophones. The two detonations were separated by 65 milliseconds using two electronic detonators 
of 35 and 100 milliseconds. Figure 2.5 shows the configuration of this field trial. 
 
 
 
 
 
 
 
 
 
Figure 2.4: Example of numerical model results (Vanbrabant et al. 2002) 
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A near-field vibration model was obtained for cylindrical charges and was adjusted from 
vibration measurements in order to determine peak particle velocity analytically. Optical images 
showed slight damage as well as a few new open fractures at the open observation holes. From 
the results obtained of pre- and post-blasting seismic tomography, it was apparently possible to 
identify a reduction of the elastic modulus. Additionally, attempts were made to quantify 
changes or reductions on rock mass strength, but these effects were not clearly identified. 
To determine the main parameters that govern the preconditioning blasting process, a third test 
was undertaken. This test also sought to assess operational aspects such as the charging process, 
grouting stemming assessment, and electronic detonation sequence. Near-field instrumentation 
was installed, and velocity of detonation, vibration measurements, seismic waves, and optical 
images were collected.  The configuration of the test is shown in Figure 2.6. Sufficient 
information was acquired to understand the process of simultaneous charge detonation and the 
effect of the interaction of the stress waves in confined spaces. 
 
 
 
 
 
 
 
 
Figure 2.5: Dynamic characterisation trial configuration (Chacon et al. 2003) 
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On 28 September 2001 at 16:00, an industrial-scale preconditioning by drilling and blasting trial 
was carried out in Panel III in Rio Blanco Mine of Andina Division Mine (Chacon et al. 2002). As 
shown in Figure 2.7, 19 vertical, 100–112m length, 140 mm diameter blast holes were drilled 
upward from the extraction and undercut levels. Table 2.1 shows technical details of this industrial 
preconditioning blasting in Panel III at Rio Blanco Mine. 
Table 2.1: Details preconditioning by blasting, Panel III, Rio Blanco Mine (Sougarret et al. 2004) 
Number of drillholes 19 
Length of holes  100 m and 112 m@140 mm (diameter) 
Explosive column Emulsion@1.15 g/cc 
Initiation system Electronic detonator@26 ms (detonation time) 
Initiation points Every 8 m along the column of explosives 
Initiation time Every point in the column started simultaneously 
Explosive quantity 29,500 kg 
Length charge 85 m 
Coverage area 7,000 m
2
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6: Preliminary preconditioning by blasting trial design configuration (Chacon et al. 2003) 
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The main results of this trial were focused on the assessment of fragmentation (Sougarret et al. 
2004). This evaluation was carried out in 38 drawpoints which were monitored over 6 months.  The 
comparison was made between both preconditioned and non-preconditioned sectors. The results 
showed a 50% reduction in size (in the drawpoints) compared with the non-preconditioned areas. 
Additionally, it was observed that no hang-ups in height were recorded, as is frequently the case in 
areas that are not preconditioned. In addition, secondary breaking in the drawpoints was reduced by 
50%, compared with other sectors without preconditioning. Improvements in terms of cavability 
and cave propagation were not clearly identified; however, no major problems were registered.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7: Full-scale preconditioning by blasting III Panel, Rio Blanco Mine (Chacon et al. 2002) 
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The more remarkable conclusion of this full-scale application is that secondary fragmentation in 
competent or stronger rock masses could be achieved. This could reduce fragmentation issues and 
subsequently improve the efficiency of block and panel caving. 
Brown (2007) emphasises that the application of preconditioning by drilling and blasting in 
Codelco‟s Andina Division has the potential to change the block and panel caving paradigm in a 
significant way. For example, higher efficiency in the material handling system could be achieved, 
or mechanisation alternatives that will favour productivity could be incorporated in mining by Panel 
Caving.  
Molina et al. (2008) summarised Codelco Mines‟ operations experience in terms of the 
preconditioning by blasting application. After the first full-scale application at Rio Blanco mine in 
2001, a second application was performed in 2004. Table 2.2 shows details of this application. Once 
again, fragmentation improvements were achieved. Fragmentation reductions of the order of 30% 
were reported, and secondary breaking was decreased by about 26% compared to the 2001 
application.  
Table 2.2: Drilling and blasting details preconditioning by blasting, Panel III, Rio Blanco Mine 
(Molina et al. 2008) 
Number of drillholes 49 
Drillholes diameters 146 mm 
Explosive column Emulsion 
Density 1.20 g/cc  
Initiation system Electronic detonator 
Explosive quantity 29,500 kg 
Length charge 20 to 100 m 
Length of holes  40 to 130 m 
Coverage area 22,000 m
2
 
Overall results still showed a lack of understanding and quantification of the real effects of 
preconditioning by blasting on the rock mass behaviour. Additionally, the impact of the blasted 
volume in terms of cave initiation and propagation was not assessed adequately as well as effects on 
seismicity. 
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2.6.1.2 El Teniente Mine, Codelco Chile 
In addition to Andina‟s experience, Marin (2010) describes the first preconditioning by blasting 
application carried out at South Andes Pipe sector at El Teniente mine. The configuration of the 
trials is shown in Figure 2.8. 
This application was divided in two stages. The first was performed on 5 April 2010 and covered 
1,170 m
2
. Three blast holes were charged with 2.4 tons of emulsion and were fired simultaneously. 
The second test was carried out on the 3
rd
 of August 2010. Five tonnes of emulsion were fired, 
seven holes were detonated in an area covering 2,730 m
2
. More details are given in Table 2.3. The 
technical specifications were based on the Rio Blanco mine experience. It should be noted that the 
initiation sequence and spacing between detonators was 8 m along the column of explosives. 
From a practical point of view, these trials were declared successful. This was based on surveys that 
showed no damage in the undercut and extraction levels. In addition seismic events of high 
magnitude were not recorded (only micro-seismicity of acceptable levels). Both trials helped verify 
the technical capability of preconditioning by blasting on competent rock masses where coarse 
fragmentation and complex caving mechanics (e.g. difficult cavability) were expected. Due to 
insufficient data, post assessment of rock mass behaviour or cave initiation and propagation were 
not quantified at the time. 
 
 
 
 
 
 
 
 
 
Figure 2.8: Preconditioning by blasting trials South Andes Pipe sector at El Teniente mine (Marin 
2010) 
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Table 2.3: Drilling and blasting details preconditioning by blasting, South Andes Pipe sector at El 
Teniente mine (Marin 2010). 
 Module 1 Module 2 
Number of drillholes 3 7 
Drillholes diameters 146 mm 146 mm 
Explosive column Emulsion Emulsion 
Density 1.25 g/cc  1.19 g/cc  
Initiation system Electronic detonator Electronic detonator 
Explosive quantity 2,410 kg 5,005 kg 
Length charge 40 to 51m 25 to 60 m 
Length of holes  60 to 70m 45 to 80 m 
Coverage area 1,170 m
2
 2,730 m
2
 
2.6.2 Summary of Codelco confined blasting preconditioning experience  
As has been discussed previously, current industry experience with the use of confined blasting was 
applied at the Andina and El Teniente mines of Codelco-Chile.  This application was referred to as 
“Debilitamiento Dinamico con Explosivos" which can be literary translated to mean "Dynamic 
Weakening with Explosives" (Chacon et al, 2002; Sougarret et al. 2004; Molina et al. 2008 and 
Marin 2010).  The Codelco trials were primarily focused on establishing operational factors 
including the logistics and associated technology of drilling, charging and blasting.   
A compilation of the main design parameters of from these applications are given in Table 2.4  
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Table 2.4: Typical drilling and blasting parameters for confined blasting applications at Codelco  
Length up holes Typically 100 and 120m
1,2
 
Drilling  From Undercut (UCL) & Extraction 
(EXT)levels 
Drilling Pattern 13m x 13m and 15m x 15m Typically
3
  
Diameters 4½” (114mm)  5½” (140mm)  5¾‟‟ 
(146mm) 
Charge Variable from 1.0 ton to 3.5 tons by hole 
Stemming Concrete 2 stage 20m from UCL & 30m from 
EXT 
Initiation system Booster up holes 150g and electronic detonators 
each 8m 
Delay Every point in the column started 
simultaneously 
0-3-5 and 7ms between upholes 
Explosive charge Emulsion 
Density 1.20 - 1.25 g/cc 
Detonation Velocity 
(VOD) 
≥ 5,500 m/s 
Explosive water 
resistance 
72 hrs 
Detonation Pressure ≥ 91.5 kbar 
Critical diameter  > 2½” 
1 
Typically, maximum primary mineralisation column is between 100m and 120m 
2
 Approximately, up 65% of block height 
3
 Typically, extraction levels are 26m x 13m and 30m x 15m (III Panel at Andina Mine) and 
30m x 17.32m (at El Teniente Mine) 
2.6.3 Preconditioning by Hydraulic Fracturing 
2.6.3.1 El Salvador Mine, Codelco Chile 
Chacon et al. 2002 described the preconditioning by hydraulic fracturing strategies as well as the 
experimental plan in order to incorporate this technology in the Inca Central West Sector of 
Codelco‟s El Salvador Mine (Figure 2.9). Chacon et al. 2004 showed the full-scale hydraulic 
fracturing preconditioning applications which were part of The International Caving Study, Stage II 
(Chitombo 2005).  
Ten fracture treatments were carried out during the full-scale preconditioning experiment. Fracture 
treatments were initiated at depths of 50 to 70 m below the collar of the hole. Hydraulic fractures of 
40- to 50-m radius were produced by injecting 4,000 to 6,000 litres of fracturing fluid per minute. 
Growth occurred to the north and east of the injection hole, with only limited growth to the south 
and west. It was believed that a conductive fault or shear zone acted as a barrier to growth to the 
south and west.  
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In general terms, ten monitoring boreholes with a nominal 60-degree dip were drilled down around 
a central hydraulic fracture. The injection borehole was drilled between existing holes with a 59-
degree dip. An electric-driven triplex pump capable of pumping 215 litres per minute at up to 35 
MPa pressure was used to produce the fractures. The injection string consisted of BQ drill rods with 
an inflatable open-hole straddle packer used to isolate 0.5 m-long sections of the hole for each 
treatment.  
Near-field instrumentation included ANZI stress change cells, extensometers, packer systems with 
pressure transducers, and open drill holes. Seismic cross-hole velocity measurements were also 
performed before, during, and after the fracture treatments. The fracture fluids contained yellow and 
red plastic proppants which enabled the fractures to be traced visually. 
Microseismic events were recorded during several of the fracture treatments using twelve 
hydrophones and a seismograph system. During the initiation of the fracture, about twenty events 
per second were recorded. During the fracture growth stage, this rate dropped to 1 to 3 events per 
second. Even at this lower rate, the 20- to 25-minute treatments were associated with several 
thousand microseismic events. Cross-hole seismic surveys were carried out before and after the 
fracture treatments, indicating that P wave velocity changed between 2 and 4 milliseconds over the 
60m distance. The magnitude of the change in maximum principal stress during the injection was in 
the range of 0.5 to 1.0 MPa for the water-based fractures, and 1 to 2 MPa for the cross-linked gel 
fractures. 
El Salvador Mine field tests showed that hydraulic fractures through competent rock masses and 
natural discontinuities with hard mineralization could be generated. Operational achievements such 
 
Figure 2.9: Hydraulic fracturing in Inca East sector at El Salvador Mine (Chacon et al. 2002) 
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as reduction of secondary fragmentation and lower hang-ups were typically reported and drawpoint 
damage decreased. The degree of change in terms of strength and cavability was not quantified 
adequately. 
2.6.3.2 El Teniente Mine, Codelco Chile 
Araneda et al. (2007, 2008) and Molina et al. (2008) describe the utilisation of preconditioning by 
hydraulic fracturing undertaken in the Diablo Regimiento Sector of Codelco‟s El Teniente Mine 
(Figure 2.10). The application considered an area of 10,200 m
3
 of virgin caving which involved 
3.97 Mt. and a block height of 150m. The challenges presented at El Teniente, included: 
 preconditioning in a high stress environment,  
 evaluating seismic response to the application of preconditioning, and 
 preconditioning for the first time an area containing broken material and craters (called “virgin 
caving”).   
Full-scale preconditioning was carried out between February and March 2005. Six injection down-
holes were drilled. The hydraulic fractures were generated at 1.5 m spacing with 5 hydraulic 
fractures produced per shift. During the full-scale preconditioning application, 446 fracture 
treatments were performed. Fracture treatments were initiated at depths of 50 to 150 m below the 
collar of the hole. Hydraulic fractures were estimated to be semi-circular and 40 m in radius. The 
breakdown pressures fluctuated between 25 and 30 MPa with a propagation pressure between 15 
and 18 MPa. Fracture run time was 20 minutes with a typical injection packer pressure of about 32 
MPa. In these trials, an electric-driven triplex pump capable of pumping 215 litres per minute, at up 
to 35 MPa pressure, was used to produce the fractures. 
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The near-field instrumentation included four sites with Hollow Inclusion stress cells for monitoring 
in situ and induced stresses, packer systems with pressure transducers, acoustic televiewer (ATV) 
scanners, and open drill holes. The far-field instrumentation included a seismic monitoring system 
(seismic cross-hole velocity measurements were performed before, during, and after the fracture 
treatments); and eight boreholes with Time Domain Reflectometry (TDR) cables were installed. In 
these trials evaluation criteria were established; these reflected the key issues that the 
preconditioning technology should have achieved. A comprehensive analysis indicated: 
1. Seismicity: Before introducing the hydraulic fracturing and during the undercutting process, the 
seismic activity was notable, with events up to a magnitude of 1.6 Richter. During the hydraulic 
fracturing process the seismic behaviour remained stable; in fact, only three events of small 
magnitude, below 1 Richter, were detected in this period. However, the seismic activity after 
applying the hydraulic fracturing demonstrated that high-magnitude seismic events diminished 
significantly, while smaller-magnitude seismic event activity increased. 
2. Cavability and cave propagation: the Diablo Regimiento sector intersected the upper level 
mined (i.e. showing evidence of collapse from subsidence) when approximately 18% of the total 
average extraction had occurred. The cave connection was achieved ten months after the 
extraction had begun, which was five months ahead of the criteria established by El Teniente 
Mine (i.e. < fifteen months). 
 
 
 
 
 
 
 
 
 
 
Figure 2.10: Hydraulic fracturing in Diablo Regimiento sector at El Teniente Mine (Araneda et al. 
2007)  
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3. Fragmentation: This variable did not show significant change. A similar condition to the 
situation without hydraulic fracturing was maintained. 
Araneda and Sougarret (2007 and 2008) indicated that large rock bursts at El Teniente mine have an 
occurrence period every two or three years, generating severe damage, delays to the advance of the 
caves, and risk to people. The response to this problem was to modify the rock mass characteristics 
using hydraulic fracturing, to facilitate a more-controlled dissipation of energy. The experience with 
preconditioning in Diablo Regimiento showed that the maximum size of seismic events can be 
reduced (i.e. seismic risk can also be reduced).  
Based on these results, El Teniente Mine established as standard practice, the application of 
preconditioning by hydraulic fracturing in all sectors of the mine with competent rock masses. 
However, there still a lack of understanding on quantifying the main changes to the rock mass 
condition and behaviour (e.g. strength and induced stresses). 
2.7 CONCLUSIONS 
To date, two main methods of preconditioning have been introduced in block and panel caving 
methods: hydraulic fracturing and drilling and blasting (confined blasting). 
From the literature review, the objective of preconditioning using hydraulic fracturing has been 
focused to decrease the magnitude of the seismicity due to caving. However, enhancements during 
the caving process have been reached and operational assessments in terms of cave initiation and 
propagation have shown suitable results.  
Regarding preconditioning using drilling and blasting (i.e. de-stressing) which has been applied to 
reduce the risk of violent failure in mine structures by reducing rock mass rigidity (or stiffness) and 
fragility (or brittleness) and by redistributing the stresses in the adjacent zones. In general terms, 
preconditioning by blasting has been assessed in terms of the seismicity response of the rock mass. 
However, the overall behaviour of the rock mass has not been evaluated satisfactorily. 
Block and panel caving operations such as Northparkes Mine (Australia) and El Salvador Mine 
(Chile) have successfully applied the hydraulic fracturing technique. Subsequently, Andina and El 
Teniente Mines (Chile) have incorporated this technology in their mining operations. Credible 
results have been achieved, improving the seismic behaviour of the rock mass, decreasing the 
seismic events of high magnitude, and increasing the activity of smaller-magnitude seismic events. 
Improvements in the cavability and cave propagation have not been clearly quantified; however, 
anecdotal evidence has shown that these geotechnical issues can be mitigated. 
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Andina and El Teniente Mine have used preconditioning by drilling and blasting in its caving 
operations. The main results of this full-scale application were focused in the assessment of 
fragmentation. Fragmentation size, drawpoints secondary blasting and height hang-ups issues were 
diminished significantly. Issues such as cavability and cave propagation were not studied in detail. 
Most of the work reported in the literature, including that by Codelco, Rio Tinto and Newcrest, has 
focused on preconditioning by hydraulic fracturing. The mechanisms of preconditioning by drilling 
and blasting are still not fully understood and remain an active research area.  
There is a lack of clear understanding of the mechanics and response of the rock mass behaviour 
due to preconditioning application and of its subsequent impact on cave performance. Attempts 
have also been made to quantify these changes and their effects on the rock mass, (e.g. intact 
strength) but so far these have not been successful.  
Coupled with the lack of adequate quantification of the impact of preconditioning methods in 
isolation (e.g. hydraulic fracturing and confined blasting), there is a clear need to understand the 
impact of intensive preconditioning on rock mass condition and behaviour in the cave inducement 
and propagation. This research work focuses on the implementation of this technique together with 
a comprehensive assessment of its performance. 
 
 
 
 
  
 
 
 
 
 
CHAPTER 3  
 
Preliminary preconditioning trials at 
Cadia East Mine 
 
 
This chapter is focuses on preconditioning tests performed at the Cadia East panel caving project 
to define the technical and design parameters of both preconditioning methods - hydraulic 
fracturing and confined blasting.  The main outcome of these tests was to define the main 
parameters adopted in the implementation of intensive preconditioning. 
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 INTRODUCTION 3.1
This chapter describes in detail all preliminary tests conducted at Cadia East Mine that helped 
define the main parameters for the application of both hydraulic fracturing and confined blasting. 
An understanding of the main factors that would influence the performance of both preconditioning 
methods under specific geotechnical conditions was required prior to the definition of final 
intensive preconditioning parameters. It is important to note that the parameters investigated in 
these preliminary tests were based on the experiences reported in Chapter 2 and in particular those 
of Andina and El Teniente mines. The author was able to visit these operations and obtained direct 
information associated with design, implementation and performance of both preconditioning 
techniques.    
 GEOTECHNICAL CONDITIONS OF PRECONDITIONING ZONE IN 3.2
CADIA EAST 
3.2.1 Geotechnical domains 
The geotechnical domains within the Cadia East mining complex have been delineated based on 
lithology, alteration and structural interpretations and, from this, three major units (sedimentary, 
volcanic-stratified and igneous), that could be further subdivided into twelve geotechnical domains 
were defined (Catalan and Suarez 2010 and Catalan et al. 2012c). From this, a 3D model (of 
geotechnical domains) for the Cadia East project was constructed (Figure 3.1). 
 
Figure 3.1: Geotechnical domains 3D model for Cadia East project (Catalan et al. 2012c) 
Bedded Volcaniclastic
Capping Porphyry
Volcaniclastic
Volcanic Massive
Vmassive + Vclastic
Monzonite
Q+K Volcanic Massive 
Geotechnical Domains
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3.2.2 Structural characterisation  
For the geotechnical analysis of Cadia East, structural information has been grouped together in two 
categories: 1) major structures (major structural system) which are the continuous structures (faults 
and shear zones), and 2) intermediate and minor structures (intermediate structural system) which 
are fractures, joints and veins.  These two major groups were separated using the rank classification 
defined for the acoustic televiewer data, ATV (Catalan and Suarez 2010 and Catalan et al. 2012c). 
Table 3.1 shows the stereographic projections and the distribution of structural patterns defined for 
the hydraulic fracturing trials area (i.e. first block or PC1-S1). 
Table 3.1: Structural patterns PC1-S1 block, Cadia East project Catalan et al. 2012c) 
Major Structural System Intermediate Structural System 
Set Dip (
o
) Dip Dir (
o
) n PO (%) Set Dip (
o
) Dip Dir (
o
) n PO (%) 
MS1 76 ± 30 342 ± 60 161 46% IS1 76 ± 33 348 ± 66 8735 50% 
MS2 62 ± 28 203 ± 56 118 34% IS2 64 ± 26 130 ± 52 2998 17% 
MS3 89 ± 16 043 ± 32 32 9% IS3 54 ± 51 219 ± 101 5923 33% 
MS4 69 ± 19 282 ± 38 39 11%      
  
Windows and concentration of poles 
 
Windows and concentration of poles 
 
Set Identification set or structural system inside the block 
Dip Dip average Value (µ)  standard deviation (µ) 
Dip Dir  Dip Direction average Value (µ)  standard deviation (µ) 
n  Number of structures mapping belong to the structural system 
PO Probability of occurrence of structural system into the specify domain (i.e. probability that structure 
belong to the structural system 
 
3.2.3 Geotechnical rock mass classification 
The Cadia East rock mass was classified or rated using RMR (Bieniawsk 1989), Q‟ (Barton 1990), 
GSI - with values obtained from GSI=RMRB89 – 5 (Hoek et al. 2002), RMR (Laubscher 1990) and 
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MRMR (Laubscher 1990) classification schemes (Catalan and Suarez 2010 and Catalan et al. 
2012b, 2012c). The data used for classification was from underground and surface drillholes which 
intersected the main geotechnical domains.  The calculated average values and corresponding 
ranges are shown in Figure 3.2. 
3.2.4 Intact rock classification 
The mechanical properties for intact rock in the volcanic massive and monzonite lithologies, which 
are the dominant lithological units in the preconditioning trial zone, are summarised in Table 3.2. 
Table 3.2: Intact rock properties of main lithologies  
LITHOLOGY : Volcanic Massive 
 Intact rock properties 
          
(ton/m
3
) 
Vp  
(m/s)  
Vs 
(m/s)  
UCS
50
  
(MPa) 
TS 
(MPa) 
E 
(GPa)  
 
 Average  (typical)  2.79 5,904 3,151 153.33 14.95 67.5 0.32 
 Median  2.79 5,940 3,276 151.66 14.01 65.9 0.29 
Standard Deviation  0.07 212 231 70.5 7.5 19.1 0.14 
Coefficient of Variation 2% 4% 7% 53% 54% 29% 48% 
LITHOLOGY : Monzonite 
 Average  (typical)  2.70 5,869 3,290 155.9 12.7 69.7 0.28 
 Median  2.70 5,818 3,263 148.2 12.4 66.1 0.30 
Standard Deviation  0.03 366 521 29.5 1.8 12.20 0.09 
Coefficient of Variation 1% 6% 16% 20% 15% 18% 29% 
 
 Density 
Vp and Vs Compressive and shear wave velocities respectively 
UCS50 Uniaxial Compression Strength  referent to sample of 50 mm of diameter 
 
Figure 3.2: Rock mass classification hydraulic fracturing trials at Cadia East (Catalan et al. 2012c) 
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TS  Uniaxial Tensile Strength 
E Young‟s modulus (tangent to stress-deformation at 50% de UCS) 
  Poisson‟s Ratio 
Considering the Engineering Classification of Intact Rock (Deere and Miller 1966), the main 
geotechnical units were grouped according to laboratory modulus of deformability (E) and uniaxial 
compressive strength (UCS). Figure 3.3 shows the typical ranges of values of the igneous rocks. 
 
Figure 3.3: Intact rock classification for the igneous rocks at Cadia East (Catalan et al. 2012c) 
3.2.5 Rock mass strength 
Rock mass properties have been evaluated according to the Hoek-Brown methodology.  The Mohr-
Coulomb criterion is used to define the peak strength of the rock mass; values for cohesion and 
friction angle are obtained by a least-squares fit to the Hoek-Brown failure envelope obtained using 
the GSI, σci, and mi values.  A disturbance factor (D) of zero was used to reflect the in-situ value for 
each geotechnical domain involved in the hydraulic fracturing trials.  Table 3.3 outlines the 
estimates of strength parameters obtained for the separate rock mass domains (i.e. the Hoek-Brown 
and equivalent bi-linear Mohr-Coulomb methods used to represent the peak strength of the 
geotechnical domains). 
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Table 3.3: Rock mass properties of main geotechnical domains locate at hydraulic fracturing trials 
      
t < 3  3 
(MPa)
3 < 3  10 
(MPa)
Geotechnical  
Domain 
GSI 
ci 
(MPa) 
mi 
Em 
(GPa) 
m 
t 
(MPa) 
c  
(kPa) 
         
(º) 
c  
(kPa) 
          
(º) 
Volcanic Massive 47–73 153 22 18.8 0.22 0.33 2,361 59 7,002 47 
Volcanic Massive Q+K  49–72 153 22 18.8 0.22 0.33 2,361 59 7,002 47 
Monzonite Q+K  48–70 156 30.1 17.8 0.22 0.25 2,472 62 7,693 50 
Monzonite 51–74 156 30.1 22.4 0.22 0.34 2,786 63 8,256 51 
 
GSI Geological Strength Index 
ci Uniaxial Compression Strength of the intact rock from Hoek-Brown strength criterion 
mi Hoek-Brown parameter m for the intact rock 
Em  Deformability modulus of the rock mass 
m Poisson‟s ratio of the rock mass 
t  Tensile strength of the rock mass 
c Cohesion of the rock mass 
 Angle of friction of the rock mass 
3.2.6 In-situ stress field 
The stress field at the Cadia East project has been measured using an overcoring method with the 
CSIRO Hollow Inclusion (HI) stress measurement cell.  Prior to hydraulic fracturing trials, two 
campaigns of in-situ stress measurements were undertaken.  The variations of the principal stresses 
with depth are illustrated in Figure 3.4 and they show a tendency to differentiate with change in 
depth.  Also, principal stress orientations are plotted and the vector average values for each site 
were calculated in terms of their stress components as well as their principal stress magnitudes.  
From the fifteen tests performed one can determine that the maximum principal stress (σ1) is sub-
horizontal and trends approximately due east. The intermediate principal stress (σ2) is sub-
horizontal and plunges gently north.  The minimum principal stress (σ3) plunges steeply south-
southwest, almost vertically.  
The in-situ stress filed is summarised in Table 3.4 below  
Table 3.4. In situ stress field at Cadia East project  
Orientation (plunge/trend) Magnitude (MPa) 
σ1 = 0/ 074   
σ2 = 0/ 164   
σ3 = 90/074  
σ1 = 5 + 0.0479 x depth (m) 
σ2 = 0 + 0.0344 x depth (m) 
σ3 = 0 + 0.0297 x depth (m) 
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 HYDRAULIC FRACTURING TRIALS  3.3
3.3.1 Location of full-field trials 
The hydraulic fracturing trials were undertaken on the 5250m RL Level in the western drive which 
is located about 550 m below the surface. Figure 3.5 shows the location of the three HF drillholes 
that were drilled for these trials. 
Three purpose-drilled HQ (96 mm) diamond drillholes were available for the preconditioning trials.  
These tests had three stages.  For stages one and two, two drillholes, UE054 and UE055, were 
drilled and suitable intervals of good quality hole conditions between 0 m and 360 m were 
identified. The third drillhole (i.e. stage three), UE056, had suitable hole conditions for these trials 
between 490 m and 570 m.  
 
Figure 3.4: In situ stress field at Cadia East project 
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The aim of these tests was to obtain the following operational parameters:  
 to determine the pressure required to generate and propagate hydraulic fractures in different 
geotechnical/geological domains;  
 to define hydraulic fracture geometry; and confirm the minimum hole spacing requirement 
between fractures;  
 to generate hydraulic fractures down to 350 m and 550 m deep (from the collar of the hole); and  
 to optimise the design for the full implementation program. 
3.3.2 Geotechnical context 
There are four major geotechnical domains present in the first mining block (PC1-S1), these are 
volcanic massive, volcanic massive with potassic alteration, Cadia East monzonite and monzonite 
with potassic alteration. Figure 3.6 shows these geotechnical domains.  In stage one of the Cadia 
East HF trials, two of these geotechnical domains, volcanic massive and volcanic massive with 
potassic alteration, were tested.  Stage three tested the monzonite with potassic alteration. 
 
Figure 3.5: Location of drill holes used for hydraulic fracturing trial at Cadia East project 
UE055
UE054
UE056
PC1-S1
PC1-S2
PC2-S1
PC2-S2
5250 Level
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3.3.3 Treatment pressures 
3.3.3.1.Hydraulic fracturing – UE054 
Twenty three hydro-fracture treatments were completed on this drillhole.  The fractures were 
initiated in the borehole at three different depth intervals, between 80 m and 135 m, between 140 m 
and 170 m and between 250 m and 355 m.  Treatment pressures and injection rates were recorded 
and typical values of these measurements are shown in Figure 3.7.  The typical breakdown pressure 
value is 33 MPa and ISIP value is about 20 MPa.  All treatments were performed for forty minutes 
with a volume of injection water of 16 m
3
 (i.e. 400 litres/min).  These parameters were constantly 
monitored below 300 m depth from the borehole collar which could ensure continuing hydro-
fracture propagation at this depth. 
 
Figure 3.6: Main geotechnical domains hydro-fracture trials at Cadia East project 
Monzonite Monzonite + Potassic Alteration
Volcanic Massive Volcanic Massive + Potassic Alteration
Chapter 3. Preliminary preconditioning field trials 
 
50 
Additionally, Figure 3.8 presents a graph of breakdown and ISIP pressures versus depth down-hole 
and injection time for these twenty three hydraulic fractures. These data indicate that breakdown 
pressure is increased by 0.04 MPa/m and ISIP is slightly raised by about 0.01 MPa/m at depth. 
 
Figure 3.7: Treatment hydraulic fractures borehole UE054 
 
Figure 3.8: Treatment pressures versus depth borehole UE054 
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3.3.3.2.Hydraulic fracturing – UE055 
Typical treatment pressures and injection rates are shown in Figure 3.9 for a borehole where 10 
hydraulic fractures were created. Breakdown pressure and ISIP values are 29 MPa and 19 MPa, 
respectively.  A volume of injection water of 16 m
3
 was reached in 40 minutes (i.e. 400 litres/min) 
which indicates a constant propagation of these hydraulic fractures at 250 m depth. 
Figure 3.10 shows the distribution of breakdown and ISIP pressures versus depth and their 
respective injection times for the hydro-fracture treatment. The variations of these pressures at 250 
m depth do not indicate an increase significative. 
 
 
Figure 3.9: Treatment hydraulic fractures borehole UE055 
Chapter 3. Preliminary preconditioning field trials 
 
52 
3.3.3.3.Hydraulic fracturing – UE056 
With regard to the last trial drillhole, the hydraulic fractures were generated between 500 m and 570 
m depth.  Typical breakdown pressure and ISIP values are 39 MPa and 22 MPa respectively (Figure 
3.11). A fluid volume of 12 m
3 
is injected constantly for 30 minutes (i.e. 400 litres/min) to ensure 
adequate hydro-fracture propagation at this depth.  
 
Figure 3.10: Treatment pressures versus depth borehole UE055 
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Distribution of breakdown and ISIP pressures versus depth down hole and their respective injection 
time are shown in Figure 3.12 for twenty hydraulic fractures. The variations of these pressures do 
not increase significantly between these intervals. 
 
 
 
Figure 3.11: Treatment hydraulic fractures borehole UE056 
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3.3.3.4.Summary of treatment pressures  
In general terms, an analysis of the treating pressure response can be used to determine the mode of 
fracture growth, the amount of fluid lost from the fracture during the treatment, the pipe friction and 
fracture entry loss.  It can also be a measure of the minimum principal stress magnitude - if this 
hydro-fracture is being opened.  
The ISIP values measured give an estimate of the pressure in the hydraulic fracture without fluid 
friction because fluid flow has stopped at shut-in.  It also indicates the pressure required to extend a 
hydraulic fracture - which should be slightly greater than the magnitude of minimum principal 
stress, σ3 (van As et al. 2000, 2002, 2004; Chacon et al. 2004 and Jeffrey et al. 2010). 
In order to determine treatment pressure parameters, 53 fractures were generated.  A summary of 
these hydraulic fracturing tests in terms of Pb and ISIP is presented in Table 3.5. 
  
 
Figure 3.12: Treatment pressures versus depth borehole UE056 
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Table 3.5: Statistical information for hydraulic fracturing Cadia East trials (Catalan et al. 2012a) 
Treatment 
Pressures 
Stage 1 & 2 (33 HF) Stage 3 (20 HF) 
Breakdown 
(MPa) 
ISIP 
(MPa) 
Breakdown 
(MPa) 
ISIP 
(MPa) 
Maximum 49 22 52 25 
Minimum 27 15 35 21 
Median 34 19 40 23 
Mean 36 19 41 23 
Mode 34 20 39 22 
Standard Deviation 7 2 5 1 
 
Figure 3.13 presents a graph of treatment pressures versus depth down hole where it is observed 
that there is a slight increasing pressure with the location or depth of the hydraulic fractures. 
Additionally, Figure 3.14 shows treatment pressure values and in-situ stress correlations which have 
been plotted against the depth in order to determine the correspondence between pressures and 
stresses. ISIP average values measured during these trials were between 18 MPa and 23 MPa.   
The gradient of the ISIP line with depth is 0.012 MPa per metre which is lower than the 
intermediate principal stress, σ2. These results are above the σ3 trend line and below the σ2 trend 
line, which is consistent for hydraulic fractures that would be opened against the minimum principal 
stress, which, in this case, is nearly vertical.  In general, the ISIP values and the stress correlations 
support the conclusion that semi-horizontal hydraulic fracturing to depths below 350 m could be 
undertaken and orientated according to σ1-σ2 space.  However, if the fractures are being opened and 
 
Figure 3.13: Treatment pressures versus depth down hole (Catalan et al. 2012a)   
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developed against both the minimum and intermediate stress, they would be forming vertical and 
horizontal components and the measured ISIP would have to be consistently above the intermediate 
stress magnitude.  
The breakdown pressure values are between 33 MPa and 42 MPa. The gradient of the Pb line with 
depth is 0.02 MPa per metre which is lower than the major principal stress, σ1, as well as lower than 
that for an axial fracture aligned perpendicular to the minimum principal stress orientation.  This 
difference could be influenced by a rock mass strength condition lower than estimated.  However, 
Pb would have to be located above the line of the σ1 trend and below the axial breakdown line. 
These limits ensure that adequate hydro-fracture pump specifications in terms of its maximum 
pump capacity consistent for hydraulic fractures to be created. 
3.3.4 Fracture propagation 
A detailed and well-documented study of hydraulic fracture growth, carried out at Moonee Colliery 
and Northparkes Mine, NSW, Australia, has been described by Jeffery and Settari (2000).  The 
study considered pressure records in open wells and adjacent monitored boreholes as well as direct 
measurements of fracture growth or pressure in the fracture away from the injection point.  Data 
from other mining operations were also included.  All of these were modelled numerically and the 
results were calibrated and validated by the field measurements.   
 
Figure 3.14: In situ stress correlation and treatment pressures hydraulic fracturing trials at 
Cadia East project 
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As part of the International Caving Study II (Chitombo 2005), a series of experiments on 
preconditioning by hydraulic fracturing, undertaken at Northparkes (NSW, Australia) and El 
Salvador Mine (Atacama Region, Chile), were detailed.  Hydraulic fracture growth analyses are 
described in these preconditioning applications as well as the methodologies, instrumentation and 
procedures used.  A part of these field investigations was focused on defining the size and 
orientation of the hydraulic fractures as well as modelling the leakage of fracturing fluid into the 
rock mass. 
Methodologies similar to those just described have been applied at Cadia East hydraulic fracturing 
trials in order to define the hydro-fracture geometry.  Using observations from boreholes that 
intersect the fractures, fracture run-time records, propagation pressures, volumes of fluid injected 
and analyses of fluid loss into the surrounding naturally fractured rock mass it has been possible to 
estimate the propagation distance of several fractures. 
For fractures generated during stage one, hydro-fracture geometry in terms of orientation and size, 
for an injection run-time  of 40 minutes to 400 litres/min, it was noted that intersections east-west 
were between 70 m and 100 m, while that in the north-South between 16 m and 35m.  These 
borehole observations allowed us to conclude that for all fractures that were observed there is a 
significant elongation in the east-west direction. Also, preliminary interpretation of hydro-fracture 
inclination indicates a variation between 0 and 20 degrees with a variation of their strike direction 
in the northeast and northwest.  This is fully consistent with the orientation of major and 
intermediate principal stresses. 
In a parallel study, the CSIRO petroleum division (Jeffrey 2010) produced fracture growth curves 
using a numerical hydraulic fracture model and they have been superimposed on the measured 
intersection data.  In the model, a radial fracture geometry was used, water was injected at a 
constant rate of 400 litres/min and the intact rock properties of the volcanic massive domain were 
used (see Table 3.2). In the simulation, the permeability of the rock mass was then varied, to 
represent more or less fluid loss into the surrounding rock.  This was done in order to change the 
fracture growth rate.  
Using the results of these numerical hydraulic fracture models, other growth hydraulic fracturing 
relationships and all data collected from the hydraulic fracturing trials, a plot of hydro-fracture size 
versus injection time was generated to determinate  the geometry of the hydraulic fractures and is 
shown in Figure 3.15.  
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Assuming a fracture run-time of 30 minutes (i.e. injection time), the maximum fracture radius (i.e. 
major axis) that could be achieved is between 45 m and 65 m.  Considering a stress anisotropy 
relationship σ1:σ2 of between 1.80 and 2.10, the minimum fracture radius (i.e. minor axis) that could 
be achieved is between 25 m and 30 m.  According to the stress orientation, the major axis would be 
oriented along the principal stress (east-west) and the minor axis would be oriented along the 
intermediate principal stress (north-south). 
3.3.5 Spacing and orientation of drillholes  
Studies for determining the optimal orientation and geometry of hydraulic fractures have been 
carried out using microseismic monitoring methods, measurement of small changes of the 
horizontal levels by tiltmeters and mine-through mappings (van As and Jeffrey, 2002 and Jeffrey et 
al. 2009).  The main conclusion of these studies has been that the mapped fractures were oriented 
approximately sub-horizontally and perpendicular to the minimum stress direction.  These analyses 
have proved that the hydraulic fractures are orientated in the plane of major (1) and intermediate 
(2) principal stresses and they are opened against minor principal stress (3).  In summary, the 
orientation of the hydraulic fractures is aligned with the local stress field. 
As a hydraulic fracture should be formed perpendicular to the minor principal stress direction, that 
is parallel to the major and intermediate principal stress direction, the boreholes should be 
orientated parallel to the minor principal stress direction.  For Cadia East the minor principal stress 
 
Figure 3.15: Fracture growth curves HF trials at Cadia East project (Catalan et al. 2012a and c) 
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direction (i.e. σ3) is approximately a 78 degree dip and a 203 degree trend so the inclination and 
orientation of hydraulic fracturing drillholes would need to be the same.   
With regarding to drillhole spacing, the configuration is determined by plan view geometry of the 
hydraulic fractures which is defined by the maximum and minimum propagation radius achievable 
and the stress anisotropy relationship between σ1 and σ2.  Considering the fracture shape and using a 
30 minute run-time, the drillhole pattern would have to be 60 m in the north-south direction and 80 
m in the east-west orientation.  
3.3.6 Fracture initiation damage zone 
The main features of the borehole breakdown process have been described by Jeffrey and Zhang 
2010.  In general terms, fracture initiation occurs when the fracture fluid is pumped into the isolated 
borehole section, increasing the fluid pressure acting on the wellbore and tensile tangential stresses 
commence to act on the hole wall.  New fractures or natural fractures are opened when these 
stresses reach a level which is large enough to extend the hydraulic fractures (e.g. propagation 
pressure). The fractures may be initiated almost perpendicular to or along the axis of the borehole, 
depending of the stresses acting on the wellbore, the orientation of the natural fractures and the rock 
mass strength.  
Due to the stress concentration around the borehole, the hydraulic fractures that are initiated with an 
orientation that is not compatible with growth - in the plane of 1 and 2 and open against 3 - will 
be re-oriented to grow in the far-field according to the minimum stress orientation.  In the case 
where the fractures are initiated along the axis of the borehole, axial initial fractures will be created 
and the wellbore wall will fail under tension.  This usually causes higher breakdown pressures and 
the fluid will be forced through a series of direction changes until it becomes perpendicular to the 
minimum stress direction. 
Fracture zone damage initiation was assessed during these trials in order to specify the section of 
drillhole wall around the injection interval that is affected by the initiation of a hydraulic fracture.  
It is important to understand this characteristic as it has a direct impact on the sequencing of closely 
spaced hydraulic fractures and over-breakdown pressures. With this goal in mind, acoustic 
televiewer scanner images were collected pre, during and post hydraulic fracturing.  A review of the 
televiewer images revealed that the damage at the injection interval of the hydraulic fracture was of 
three types; sub-axial splitting, cross cutting or the opening of an existing discontinuity.  
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Figure 3.16 shows sub-axial splitting at the initiation point - where blue lines represent the initiation 
points and red shapes highlight the initiation of the damage zone. Table 3.6 summarises these 
results. 
Table 3.6: Initiation damage zone 
Initiation type Damage Zone size 
Axial Splitting Up to 2.4m 
Cross cutting 0.2m 
Opening existing discontinuities 0.2m 
 
 
Figure 3.16: Fracture initiation damage zone (Catalan et al. 2012a and c). 
3.3.7 Geometry, spacing and orientation of hydraulic fractures 
Mine-through measuring and mapping of hydraulic fracture growth in fractured rock masses has 
been reported by van As and Jeffrey (2002) and Jeffrey at al. (2009).  Basically, treatment fractures 
are induced ahead of a development tunnel that is then mapped, as it is being mined out, in order to 
verify the orientation and propagation of hydraulic fractures. These measurements are done to 
obtain an overall geometry of the fracture which is then combined with photogrammetry and survey 
data for each fracture, allowing a representation tri-dimensionality of the hydraulic fractures that 
have been exposed.  Also, it has been of interest to carry out a detailed geological mapping of 
fracture growth, interaction with shear zones, veins and joints in the rock mass establishing that the 
hydraulic fractures grow through solid rock, natural fractures and in some cases, have an offset 
Sub axial splitting at HF
initiation point ~2.4m of drill hole
affected
Cross cutting fracture and
opened discontinuity at HF
initiation point ~20cm of drill
hole affected
Blue line represents the
initiation point.
Red shapes highlight the
initiation damage zone
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fracture path (Jeffrey at al. 2009). Additionally, these measurements have been used to investigate 
the interaction of closely-spaced hydraulic fractures and the parameters that could affect planar 
fracture growth (Burger at al. 2011). 
During Cadia East hydraulic fracturing trial stage three, hydraulic fracturing was performed by 
CSIRO (Jeffrey 2010) injecting coloured materials that will keep the induced hydraulic fractures 
open (i.e. proppant) which was emplaced in several fractures in two boreholes (UE054 and UE055).  
These proppants were pumped into hydraulic fractures generated at a depth where mine-through of 
these hydraulic fractures was expected.  Details of this work and its results are discussed by Bunger 
et al. (2011). Figure 3.17 shows typical mine-through exposed hydraulic fractures which were 
intersected and mapped.  The blue coloured line is one of the mapped fractures where it was visible 
along the tunnel. 
These intersections showed a good correlation in terms of the geometry, orientation and length 
estimated - hydraulic fracture lengths of about 40 m, spacing of 1.25 m or 2.5 m. and sub-horizontal 
inclination were achieved.  These data demonstrate parallel growth of these closely spaced 
hydraulic fractures over a mapped distance of over 20 m (Catalan et al. 2012a and c).  Additionally, 
this information is consistent with model fracture growth predictions for relevant values of the 
governing parameters.  The size and orientation of these hydraulic fractures have been verified in 
the mine-through intersections.  
 
Figure 3.17: Mine through hydraulic fractures trials at Cadia East project. 
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3.3.8 Design guidelines preconditioning by hydraulic fracturing 
The full-scale trial at the Cadia East project has established a basis for designing and applying 
preconditioning by hydraulic fracturing in the zone where the caving process will be implemented. 
Table 3.7 provides the design guidelines which have been defined for the Cadia East project. 
Table 3.7: Design guidelines preconditioning by hydraulic fracturing Cadia East project (Catalan et 
al. 2012a and c)  
Parameters Design Guidelines 
Breakdown pressure (Pb) 38-45 MPa 
Instantaneous shut-in pressure (ISIP) 20-22 MPa 
Fracture Run Time 30 minutes 
Fracture size major axis 45-65m (radius) 
Fracture size minor axis 25-30m (radius) 
Fracture spacing 2.5m (single pass) and less than 2.5m (double pass) 
Drill hole pattern Staggered 
Drill hole spacing EW (max axis) 80m 
Drill hole spacing NS (min axis) 60m 
Drill hole length 350m and 550m (downholes) 
Drill hole orientation Dip 78⁰/ Dip Direction 203⁰ 
3.4 CONFINED BLASTING TRIALS  
The confined blasting trials were undertaken on the 5050 m RL level which is located about 750 m 
below the surface (overburden). Figure 3.18 shows the location of these trials as well as the 
distribution of the four purpose-drilled up-holes which were available for charging and blasting.  
There are also three instrumentation up-holes which were prepared for these trials. 
The main purpose of these tests was to provide operational parameters for: drilling and charging of 
the up-holes; installation of anchor device; preparation of the pipe work system; and pumping of the 
explosive charge (emulsion). Also, these trials allowed assessment of the stability of excavations at 
the zone of the blast, post-blast peripheral damage assessment of ground support system, vibration 
monitoring, and optimisation of the design for the full implementation program. 
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The specific objectives of the Cadia East trials were: 
 to confirm the design adopted from the  Codelco location to use as a base case at the Cadia East 
project, in terms of blast geometry (drill pattern, charge distribution and initiation points) and 
blasting effects 
 to establish the optimal operational and safety procedures 
 to collect the data required to calibrate and validate the analytical analyses and numerical 
modelling: acceleration, velocity and displacements 
 to help estimate the degree of damage (direct and indirect methods) from single and multiple 
hole firings  
 to determine the optimal timing and placement of detonation points 
 to determine optimal stemming plug lengths 
Figure 3.19 is an illustration of the field tests used to assess these objectives and to gather data for 
model calibration and to quantify field results. 
 
 
 
Figure 3.18: Location of blast holes used for confined blasting trial at Cadia East project 
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These tests were carried out in three stages.  The first stage involved testing a fully confined up-
hole of 95 m length (BDP-012) with detonation points initiated simultaneously.  The second stage, a 
fully confined up-hole of 150 m length (BDP-016) was fired and the initiation points were triggered 
at the same time.  For the last stage, two fully confined up-holes of 150 m length (BDP-018 and 
BDP-019) were charged, both blast holes fired concurrently as well as their detonation points.  
Primer location with respect to the top of the stemming plug and number and location of primers 
per hole, with all primers initiated simultaneously using electronic delay detonators, are discussed 
in Catalan et al. (2012b).  Trials one and two are shown in Figure 3.20 and trial three is illustrated 
in Figure 3.21. Additionally, three monitoring up-holes were prepared in order to monitor near- and 
far-field peak particle velocities. 
 
Figure 3.19: Full-field configuration preconditioning confined blasting trials 
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3.4.1 Geotechnical setting 
The trials were conducted in the Volcanic Massive geotechnical domain which is typically 
classified as good rock mass quality (Table 3.8). The intact rock strength properties of this lithology 
are summarised in Table 3.9. 
 
Figure 3.20: Configuration tests 1 and 2 confined blasting trials 
 
Figure 3.21: Configuration test 3 confined blasting trial 
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Table 3.8: Rock mass condition volcanic massive lithology 
Rock mass condition 
Rock Quality Designation, RQD 90 
Geological Strength Index (Hoek et al., 2002), GSI  48 - 73 
Rock Mass Rating (Bieniawski, 1990) 68 
Rock Mass Rating (Laubscher, 1990) 63 
Q‟ System (Barton,  10 
Table 3.9: Intact rock properties volcanic massive lithology 
 Intact rock properties 
Density, kg/m
3
) 2,800 
Unconfined Compressive Strength, UCS
50
 (MPa)  153 
Tensile Strength, TS (MPa) 15 
Elastic Modules, E (GPa) 67.5 
Poissson Ration,  0.32 
Compressional wave velocity, Vp (m/s) 5,900 
Shear wave velocity, Vs (m/s) 3,150 
No major faults have been identified in the area where the confined blasting has been performed.  In 
terms of intermediate and minor structures (i.e. joints), their main features are summarised in the 
following Table 3.10. 
Table 3.10: Joint condition volcanic massive lithology 
Joint system condition Joint System 1 Joint System 2 Joint System 3 
Dip / Dip Direction 80/116 70/211 55/281 
Frequency Fracture/meter (FF/m) 2 1 3 
Continuity (m) 4 1 2 
Roughness Stepped smooth Undulating smooth Undulating smooth 
Infill Calcite Calcite Calcite 
Infill thickness (mm) 1-5 < 1 < 1 
Regarding the in-situ stress magnitudes, confined blasting trials were located about 750 m beneath 
the surface and the in-situ principal stress field is summarised in Table 3.11 
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Table 3.11: In situ stress field at blasting trials area 
Orientation Magnitudes 
σ1 = 6/ 083  (plunge/trend) σ1 = 36.7 (MPa) 
σ2 = 5/ 174  (plunge/trend) σ2 = 27.2 (MPa) 
σ3 = 83/302 (plunge/trend) σ3 = 16.6 (MPa) 
k 1-2 = 1.35 (σ1/σ2) k 1-3 = 2.21(σ1/σ3) 
3.4.2 Drill and blast parameters 
According to the base-case specification, drilling and blasting design parameters used for these 
blasts preconditioning up holes are detailed in Table 3.12.  
Table 3.12: Drilling and blasting parameters preconditioning by blasting trials 
Design Parameters BDP-012 BDP-016 
BDP-018 
BDP-019 
Hole length 95m 150m 150m 
Hole diameter 6½” (165mm) 
Charge length 75m 130m 130m 
Charge weight ~1,890 Kg ~3,225 Kg ~6,570 Kg 
Explosive Charge Emulsion DX5039S solid sensitised (Dyno 2010) 
Detonation Velocity (VOD) ≥ 5,500 m/s 
Density Emulsion 1.18 – 1.20 g/cm3 
Lineal charge 25.7 kg/m 
Stemming plug 20m 
Compression strength of the 
stemming plug 
50MPa (minimum) 
Cure time of a special stemming plug >72hr  (minimum) 
Location initiation points Every 8 m along the column of explosives 
Initiation time (delay) 
Every point in the column are started 
simultaneously 
3.4.3 Blast monitoring instrumentation selected for confined blasting trials 
The expected characteristics of the confined blasting induced waves provided a good indication of 
the sensors that should be installed in these trials.  According to data obtained from Codelco‟s 
operations, peak particle velocities between 2,000 mm/s and 3,500 mm/s may be reached about 7.5 
m and 9.5 m from the blast holes (trials one and two). 
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Fleetwood (2010) defines the requirements for sensor selection and sampling for expected wave 
characteristics based on the results of a blast vibration monitoring study. Table 3.13 provides some 
guidelines for choosing adequate sensors according to maximum expected peak particle velocities. 
Table 3.13: Recommended sensor types to monitoring of blasting vibration (Fleetwood 2010) 
Maximum 
expected peak 
particle velocity 
(mm/s) 
Expected 
Frequency (Hz) 
Recommended 
Amplitude 
Range 
Recommend
ed Sampling 
Rate (kHz) 
Recommended 
Transducer 
2,500 – 10,000 4,000 – 20,000 1,000g – 10,000g 10 – 50 Accelerometer 
1,000 – 2,500 1,000 – 4,000 500g – 1,000g 4 – 10 Accelerometer 
200 – 1,000 250 – 1,000 1,000 mm/s 2 – 4 Geophone 
< 200 < 250 500 mm/s 1 – 2 Geophone 
The trial consisted of measuring the vibrations in the near-field and far-field zones for these 
preconditioning up-holes (stage one and two).  According to the recommendations, piezoelectric tri-
axial transducers (tri-axial accelerometers) are well suited for applications demanding high 
frequency and higher amplitude ranges as well as for the higher peak particle velocities that are 
expected in the vicinity of these blast holes.  Detailed descriptions of the characteristics of these 
sensors, as well as their main properties and their applications, are provided by Eren (2000). 
Tri-axial accelerometers with a measurement range of ±5,000 g (±49,050 m/s²), and higher 
broadband resolutions (Piezotronics 2010) were selected for measurements of the vibrations in the 
near-field.  A network of three accelerometers was installed in an up-hole of 90 meters length which 
was located between both preconditioning holes (Figure 3.24). These sensors were located 25 m, 55 
m and 80 m from the collar of the up-hole.  Additionally, two far-field tri-axial accelerometers 
(Piezotronics 2010) with a measurement range of ±500 g (±4900 m/s²), were installed to 80 m and 
130 m from these blast holes and placed 5 m from the roof of the gallery in each up-hole. 
Figure 3.22 shows the tri-axial accelerometers used during these trials as well as part of their 
installation process and the cable connections. 
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Given the requirements of these trials, the monitoring system had to be capable of simultaneously 
connect to and triggering multiple tri-axial accelerometers.  The system would have a high 
recording rate, independent adjustable voltage gain for each active channel (resolution control) and 
programmable pre-trigger and post-trigger recording times. Additionally, the monitoring system has 
to allow an independent control regarding the sensitivity of each input channel as well as an internal 
and external wire-break capability. 
The data acquisition system selected for these trials was a DataTrap
II
 Data/VOD Recorder (MREL 
2010) with 8 channels and 128 MB memory, standard.  Two portable units were used for recording 
the data from the tri-axial accelerometers.  The sampling rate for high-frequency near-field 
acceleration waveforms was set to 2.5 MHz for a recording time of 20 ms and a voltage range of ±5 
V.  The electronic blasting systems were activated through a wire-break trigger method which was 
connected to an extra initiator programmed at 10 ms prior to the first firing detonator on the blast 
preconditioning holes.   The two data acquisition systems were activated at the same time through a 
synchronization system which was initiated using a common wire-break circuit. 
The main components of the blast monitoring system as well as its field setting are shown on Figure 
3.23. 
 
Figure 3.22: Tri-axial accelerometers used during the confined blasting trials 
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As part of the blast preconditioning vibration monitoring program, the maximum particle motion of 
the acceleration waveforms was recorded in three mutually perpendicular directions (longitudinal, 
transverse and vertical components).  Multi-axial vibration records were used to determine the peak 
vector sum values of particle motion and the absolute maximum particle acceleration, velocity and 
displacement were calculated.  These data have been processed and they have been used in 
analytical blast vibration analyses in order to predict peak particle velocity around these confined 
blasting holes.  
3.4.4 First Trial 
The first confined blasting trial was performed on the 25
th
 of May 2011 at 07:00.  The hole (BDP-
012) was drilled to a length of 95 metres, with a charge length of 75 m, equating to a charge weight 
of 1,890 kg.  A stemming plug of 20 metres was installed from the roof of the gallery and the hole 
was fully confined with no air decks present on the hole.  Emulsion DX5039S (Dyno 2010) was 
used as the explosive charge and the loading process was undertaken on the morning of the 24
th
 of 
May 2011 and a duration of 37 minutes.  The explosive was loaded into the hole at a rate of 50 kg 
per minute and a final pressure reading of 14 bars was recorded.  The sleep time of the explosive 
charge within the hole was 64 hours and 28 minutes before firing.  Boosters of 400 g and electronic 
detonators were used as the initiation system (primer).  Prior to being lifted to the top of the hole, 
 
Figure 3.23: Blasting monitoring system used during the confined blasting trials 
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the detonation point or primer was attached to the hoist line and breather pipe every 8 metres.  This 
resulted in 9 primers in the column with the primers at 8 metre intervals.  Prior to blasting, 
extensive testing of the initiation system was undertaken to ensure its integrity as well as to assess 
the amount of leakage of the fire initiation line. The SmartShot system (Dyno 2008) was used to 
initiate all electronic detonators.  Additionally, there were two velocities of detonation lines, VoD 
probecable was connected to a MicroTrap VOD Data Recorder (MREL 2010) and time-domain 
reflectometry cable was plugged into a ShotTrack system (ShotTrack 2010).  These cables were 
installed between the stemming plug and the first primer within the blast hole.  The detonation 
velocity results obtained were 5,530 m/s and 5,647 m/s for the emulsion used. Table 3.14 
summarises these data. 
Table 3.14: Summary design parameters trial 1  
Parameters Design Confined Blast Hole  
Hole identification BDP-012 
Hole length 95m 
Hole diameter 6½” (165mm) 
Charge length 75m 
Charge weight ~1,890 Kg 
Explosive charge Emulsion DX5039S 
Density emulsion ~1.18 g/cm
3
 
Lineal charge 25.7 kg/m 
Detonation Velocity 
(VOD) 
5,530 m/s and 5,647 m/s 
Stemming plug 20m@ Cure time >72hr   
Location initiation points 9 primers@every 8 m  
Pumping pressure Final 14 Bar@50 kg/min 
Pumping time 37 minutes 
Sleep time emulsion 64 hours and 28 minutes 
Initiation system  Electronic detonator@booster 400gr 
Initiation time (delay) Simultaneously@0ms  
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The operational results of the first full trial where that 1,890 kg of emulsion were fired 
simultaneously (all detonators were initiated at the same time) are shown in Figure 3.24 (pre- 
blasting) and Figure 3.25 (post-blasting). 
In general terms, this result was considered successful because no damage was observed around or 
in the immediate vicinity of the blast hole.  Also, the ground support system did not show any 
evidence of cracking or loading.  Additionally, the stemming plug worked adequately although the 
pipe work system was ejected from the hole. 
 
Figure 3.24: First confined blasting hole (pre-blast) 
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The traditional scaled distance vibration factor has been estimated using a linear regression of 
distance and charge weight separately plotted against the measured peak particle velocity generated 
by the preconditioning blast.  This regression is plotted in Figure 3.26(a). 
The  Holmberg-Persson ( H-P) near-field prediction model was used to estimate the vibration levels 
caused by the blast preconditioning holes .  The measured values of peak particle velocity (PPV) 
have been plotted against the Holmberg term to obtain the regression constants K and α of this 
model.  Figure 3.26(b) shows these results. 
 
Figure 3.25: Operation result first confined blasting hole (post-blast) 
 
Figure 3.26: Confined blasting test, vibration model (a) and H-P model (b) – Trial 1 
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Additionally, the H-P model has allowed a preliminary estimate of the expected rock mass damage 
around these holes. Predicted PPVs (results of H-P near-field vibration modelling) at different 
distances from the charge axis for large linear charge concentration are shown in Figure 3.27. 
A preliminary static estimate of damage - the critical peak particle velocity (PPVcrit) - may be used 
to determinate different levels of rock mass damage from an intensely fractured zone (crushed zone) 
to the extension of a pre-existing fracturing zone (influenced zone).  The equation is: 
         
       
 
 (3.1) 
where Ts is the static tensile strength of the rock (Pa), vp is the compressional wave velocity (mm/s) 
and E is the static Young's modulus (Pa).  All of them refer to intact rock.  
The above relation has gained acceptance in engineering practice, particularly for the estimation of 
incipient damage in competent rock types.  According to LeBlanc et al., (1995) and McKenzie et al. 
(1995), an intense fracture zone may extend to four times the value of PPVcrit and an influence zone 
may extend to a quarter of PPVcrit.  These approximations could be used to define crushed and 
influenced thresholds to delineate envelopes of fracturing for individual charges (Kutter and 
Fairhurst 1971; Donze et al. 1997; Johnson et al. 2009). 
 
Figure 3.27: Contour of peak particle velocity from confined blasting trial 1 
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Despite the limitations and weakness of the H-P PPV attenuation model which have been described 
in the literature (Blair and Minchinton 1997; Lu and Hustrulid 2003; Onederra and Esen 2004; 
Villaescusa et al.  2004), the approach provides a good practical estimate of damage based purely 
on peak particle velocity.  This allows for a preliminary estimate that could be used to define the 
influence zone of a confined blasting hole. 
Considering the main lithology present at the trial zone - volcanic massive - and according to its 
intact rock values (Table 3.2), these thresholds could be established at PPVs of 5,200 mm/s for an 
intense fracturing zone; new fractures may be created at values of 1,300 mm/s and an influence 
zone may be defined at about 330 mm/s. 
The results of trial analyses and the preliminary estimates of rock mass damage around a confined 
blast hole, using the H-P near-field prediction model, indicate that peak particle velocities between 
1,500 mm/s and 3,000 mm/s up to 8 m away from the blast hole might be generating new fractures 
and the influence zone might be extended beyond this halo.  These estimates may be optimistic 
values because they assume an elastic, continuous, homogenous and isotropic rock mass - which is 
not the case.   Consequently, a continuous envelope of peak particle velocity cannot be generated.  
However, a zone of influence between 600 mm/s and 900 mm/s up to 7 m away from the blast hole 
may be reached easily and, consequently, a reduction of the in-situ rock mass strength could be 
achieved for a confined blasting hole.  
3.4.5 Second Trial 
The second confined blasting trial was performed on the 7
th
 of June 2011 at 07:00.  The hole (BDP-
016) was drilled to a length of 150 metres, with an explosive charge length of 130 m, equating to a 
charge weight of 3,285 kg.  A stemming plug of 20 metres was installed from the roof of the gallery 
and the hole was fully confined.  Emulsion DX5039S was used as the explosive charge and the 
loading process was undertaken on the afternoon of the 3
rd
 of June 2011 with duration of 1 hour and 
7 minutes.  The explosive was loaded into the hole at a rate of 50 kg per minute, initially, and after 
2,000 kg were loaded, the pumping pressure was reduced to a rate of 40 kg per minute and reached 
a final monitoring pressure of 32 Bar.  The sleep time of the explosive charge within the hole was 
89 hours and 44 minutes before the blast.  As at the first hole, boosters of 400 g and electronic 
detonators were used as the initiation system and were distributed at 8 metre intervals through the 
explosive charge and 16 primers were located throughout the column and fixed in the same way as 
at the first hole.  The initiation system was monitored periodically to guarantee its integrity and 
quantify the amount of leakage of the fire initiation line.  Electronic detonators were initiated with 
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the SmartShot system (Dyno 2008).  Velocities of the detonations were not recorded.  These data 
are summarised in Table 3.15. 
Table 3.15: Summary design parameters trial 2  
Parameters Design Confined Blast Hole  
Hole identification BDP-016 
Hole length 150m 
Hole diameter 6½” (165mm) 
Charge length 130m 
Charge weight ~3,285 Kg 
Explosive charge Emulsion DX5039S 
Density emulsion ~1.18 g/cm
3
 
Lineal charge 25.7 kg/m 
Detonation Velocity (VOD)  
Stemming plug 20m@ Cure time >72hr   
Location initiation points 16 primers@every 8 m  
Pumping pressure Final 32 Bar@40 kg/min 
Pumping time 1 hour and 7 minutes 
Sleep time emulsion 89 hours and 44 minutes 
Initiation system  Electronic detonator@booster 400gr 
Initiation time (delay) Simultaneously@0ms  
The operational results of the second full trial are shown in Figure 3.28 (pre-blasting) and Figure 
3.29  (post-blasting). 
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Regarding these operational results, once the pumping and confinement process of this blast hole 
were finished, approximately 60 kg of emulsion were spilt through the initiation pipe which 
suggests that part of explosive charge may have detonated at the stemming plug zone.  A small 
crater about 1 m depth and of diameter about 2 m was generated at the roof of the gallery (Figure 
3.29). A prolonged residence time (i.e. sleep time) of the explosive charge within the hole (89.7 
hours) prior to firing might have contributed to this event because of the continuous pressure 
applied to the pipe work. 
Geotechnical inspection performed later on did not show any evidence of failure or minor damage 
to the ground support system in the immediate vicinity of the blast hole. Also, the adjacent 
excavations did not exhibit any stability problems and no damage was observed.  The result of this 
trial was considered successful because 3,285 kg of emulsion exploded simultaneously. 
 
 
Figure 3.28: Second confined blasting trial (pre-blast) 
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The data obtained from trial two have been plotted together with the results of the trial one confined 
blasting in order to get a preliminary overall relationship between peak particle velocity, explosive 
charge and distance.  Scaled distance vibration and H-P regression models were updated and a 
general preconditioning by blasting vibration model has been derived.  These data and their 
correlations are illustrated in Figure 3.30(a) and (b). 
Also, the H-P near-field peak particle velocity model can be updated and a new estimate of the 
expected rock mass damage around a confined blast hole obtained (Figure 3.31). 
 
Figure 3.29: Second confined blasting trial (post-blast) 
  
 
Figure 3.30: Confined blasting test, vibration model (a) and H-P model (b) – Trial 2 
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As has been pointed out in the first trial analyses, these estimates have been made assuming ideal 
rock mass conditions (i.e. elastic, continuous, homogenous and isotropic) which means that these 
peak particle velocities values would be overestimates.  However, as in the previous test, values 
between 900 mm/s and 1,500 mm/s up to 7 m away from the blast hole could be achieved and a 
rock mass with lower strength would result in a larger pre-conditioned zone. 
3.4.6 Third Trial  
The third confined blasting trial was performed on the 17
th
 of July 2011 at 07:00.  Two holes (BDP-
018 and BDP-019) were drilled to a length of 150 metres, with an explosive charge length of 130 
m, equating to a total charge weight of 6,570 kg.  Stemming plugs of 20 metres length were 
installed in both blast holes and emulsion DX5039S (Dyno 2010) was used as the explosive charge.  
Boosters of 400 g and electronic detonators were used as the initiation systems and were activated 
with the SmartShot system (Dyno 2008).  Unfortunately, velocities of vibration were not monitored 
because the blast monitoring system was not triggered.  Velocities of detonations were not 
recorded.  The parameters for this blast are summarised in Table 3.16. 
  
 
Figure 3.31: Contour of peak particle velocity from confined blasting trial 2 
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Table 3.16: Summary design parameters trial 3  
Parameters Design Confined Blast Holes 
Hole identification BDP-018 BDP-019 
Hole length 150m 
Hole diameter 6½” (165mm) 
Charge length 130m 
Charge weight ~6,570 Kg 
Explosive charge Emulsion DX5039S 
Density emulsion ~1.18 g/cm
3
 
Lineal charge 25.7 kg/m 
Detonation Velocity 
(VOD) 
  
Stemming plug 20m@ Cure time >72hr 
Location initiation 
points 
17 primers@every 8 m 
Pumping pressure 
Final 25 Bar@40 
kg/min 
Final 28 Bar@40 
kg/min 
Pumping time 
1 hour and 5 
minutes 
2 hours and 44 
minutes 
Sleep time emulsion 
91 hours and 5 
minutes 
66 hours and 25 
minutes 
Initiation system  Electronic detonator@booster 400gr 
Initiation time (delay) Simultaneously@0ms 
The operational results are shown in Figure 3.32 (pre-blasting) and Figure 3.33 (post-blasting).  The 
third full trial has been considered suitable and very useful for the final operational implementation.  
In this trial, two confined blast holes were initiated at the same time and their primer points and 
6,570 kg of emulsion were detonated simultaneously.  
Post-detonation geotechnical inspection of both blast holes did not show any evidence of failure.   
Some minor damage was incurred by the ground support system and the adjacent excavations but it 
did not negatively affect their stability.  The blast hole BDP-019 did not show any sign of damage 
and no issues were reported.  However, a reflection crater was generated in blast hole BDP-018 
(Figure 3.33).   
The generation of this crater might be associated with the fact that the explosive charge stood for an 
excessive period after being loaded into the blast hole - a sleep time of 91.1 hours might not be 
acceptable.  This long sleep time may have had two consequences, 1) continuous pressure was 
applied to the pipe work and part of the emulsion got into the stemming of the plug zone 
(detonators pipe) or 2) continuous pressure applied on the bottom of the blast hole generated a 
segregation between the explosive charge (emulsion) and the micro-balloon (voids) increasing the 
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emulsion density in this area of the blast hole.  Sensitivity, energy and static and dynamic pressures 
are functions of the density and they are dependent on the amount, type and presence of voids (i.e. 
density adjustors).  Some operational improvements to reduce the delay period between loading and 
firing (e.g. maximum sleep time 72 hours) as well as methods to verify the emulsion density within 
the blast hole need to be developed in order to address this issue . 
This trial was designed and set up to simulate the probable configuration that will be present at the 
undercut level and will be carried out prior to the undercutting process.  The spacing between holes, 
about 15 m, seems to be appropriate for maintaining a stable roof in the gallery. The preparation, 
implementation and loading processes, as well as technical and design parameters, have been 
confirmed after trial three. 
 
 
 
Figure 3.32: Third confined blasting trial (pre-blast) 
 
Confined blasting hole, BDP-018 Confined blasting hole, BDP-019
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3.5 CONCLUSIONS 
Two preconditioning methods, hydraulic fracturing and confined blasting, have been tested and 
assessed for application.  Both methods have been supported by elaborate field trials. A detailed 
geotechnical characterisation was completed which provided a good understanding of the rock mass 
strength, structural condition and in-situ stress field. Additionally, a comprehensive instrumentation 
and monitoring program was designed and implemented. 
With regards to the implementation of preconditioning by hydraulic fracturing the following 
conclusions have been drawn. 
 Mine-through hydro-fracture mapping has revealed parallel growth of closely spaced hydraulic 
fractures.  These intersections showed a good correlation with preliminary estimates in terms of 
the geometry, orientation and length of the hydraulic fractures. Hydraulic fracture lengths of 
about 60 m, spacing of 1.25 m or 2.5 m and a sub-horizontal inclination were found.  
 Hydraulic fractures were created up to 500 m beneath the collar of boreholes and to about 1,000 
m below the surface under competent rock mass conditions and in a high in-situ stress field.  
This significant result proves that the design and optimisation of an upper hydro-fracture level 
and introducing hydraulic fractures from down boreholes can be accomplished and the mine 
design can be improved.  
 
Figure 3.33: Third confined blasting trial (post-blast) 
Confined blasting hole, BDP-018 Confined blasting hole, BDP-019
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 Breakdown pressure (Pb), instantaneous shut-in pressure (ISIP) and injection volumes were 
monitored and these data were consistent with previous work.  Breakdown and instantaneous 
shut-in pressures increased slightly with the depth of the hydraulic fractures but these pressures 
were within safe operational values.  
 Hydraulic fracture propagation distance and the final fracture geometry in terms of minor and 
major radii were preliminarily estimated using observations from the mine-through intersections 
and the interpreted fracture path.  The propagation distance and geometry of these fractures are 
in reasonable accord with previous work.   
With regard to the application of preconditioning by confined blasting the following conclusions 
were reached. 
 The adopted parameters based on Codelco experiences have been validated and refined further.  
 Operational parameters, as well as safety procedures were established.  Additionally, peak 
particle velocity thresholds have been quantified, confirming that these confined blast holes do 
not generate damage on adjacent excavations or damages to the ground support system. 
 Preliminary estimates of rock mass damage around a confined blast hole, using a site specific H-
P near-field prediction model have indicated peak particle velocities between 1,500 mm/s and 
3,000 mm/s up to 8 m away from the blast hole. This indicated that a zone of influence 8 m away 
from the blast hole may be reached and, consequently, a reduction of the in-situ rock mass 
strength may be achieved by confined blasting. Advanced blast modelling that accounts for 
stress attenuation and interaction is required to further understand and potentially verify the 
extent of potential damage. The following Chapter discusses specific work in this area. 
 A reflection crater was generated in two blast holes.  Continuous pressure applied to the bottom 
of the explosive charge might be generating segregation between two components of the 
explosive charge, the (emulsion) and the micro-balloon (voids), increasing the emulsion density 
in this area of the blast hole.  Sensitivity, energy and static and dynamic pressures are functions 
of the density and they are dependent on the amount, type and presence of voids.  Further studies 
are needed to diagnose this problem and ascertain its cause and develop a better understanding of 
the explosive charge (emulsion) within the blast hole. 
Additionally, both preconditioning techniques must be considered very carefully and with great 
attention to the stress field. Particularly important are the orientation of its principal component (1) 
and its stress ratio (k) because the propagation and orientation of fractures generated via hydraulic 
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fracturing (Jeffrey et al. 2009) or confined blasting (Onederra et al. 2013b) are closely correlated 
with and controlled by these in-situ stress conditions.   
In summary, these full-scale field trials have provided a good base for addressing the 
preconditioning parameters which have been developed as a direct result of these tests. Details of 
the final implementation are discussed in Chapter 5.  
 
 
 
 
  
 
 
 
 
 
CHAPTER 4  
 
Modelling of Confined Blasting 
 
This chapter discusses the results of modelling work conducted with the aim of getting better insight 
into our understanding of the complex process of preconditioning by confined blasting.  The Hybrid 
Stress Blasting Model (HSBM) tool has been used to assess the disturbed and interaction zones for 
confined blasting scenarios. Variables such as the velocity of detonation (VoD) and explosive 
density - typically of an ideal detonation process - as well as geotechnical variables such as intact 
rock mass strength and the stress field have been included.  Also, the spacing, orientation and 
location of blast holes have been incorporated into this evaluation process. A component of the 
HSBM modelling results reported in this Chapter is based on a paper recently published in the 
IMM Mining Technology Journal. The work in which the author was a contributor was awarded the 
Douglas Hay Medal in 2014.    
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4.1 INTRODUCTION  
Preconditioning by confined blasting is a complex mechanism where the creation of radial fractures 
and the extension of existing fractures may occur as a result of the intensity and interaction of stress 
waves induced by the explosive charge.  A disturbed micro-fracturing zone could be generated 
through the interaction of adjacent blastholes. This may translate into a reduction in the in-situ rock 
mass strength.   
It is important to note that “preconditioning by blasting” does not solely refer to a zone of intense 
macro-fracturing near the blasthole (i.e. radial and circumferential fractures) but to a combination of 
both macro- and micro-fracturing of intact rock.  This can be associated with the passage and 
superposition of stresses from simultaneously detonated explosive charges. In this chapter, these 
key components of confined blasting are taken into account in order to understand and quantify the 
impact of the stress waves induced by the detonation process as well as the effect of the in-situ 
stress field.  These variables are likely to control the propagation and orientation of micro-fractures 
in a zone where these stress waves converge (i.e. shock wave interaction zone).   
The outcome of these analyses comprises a methodology to define the radius of influence within the 
rock mass, which can be identified as the “Pre-conditioned zone”, and is characterised by disturbed 
and interaction zones.  In these zones, a reduction of the strength of the intact rock and thus the final 
strength of the rock mass, as a whole, is to be expected. 
4.2 EXPLOSIVE ROCK FRACTURING 
As was described by Kutter and Fairhurst (1971), the two phases in a fracturing process caused by a 
fully contained explosion are a dynamic and a quasi-static phase.  Crushed and fractured zones are 
developed during the dynamic phase due to that the detonation process exceeds both the static and 
dynamic strength of the rock mass and micro and radial cracks are created.  An influence zone 
caused by the extension and growth of radial fractures in the vicinity of a blasthole is the second 
stage of the confined blast evolution.  Figure 4.1 shows these phases. 
In general terms, three zones can be described during the explosive process: a) crushed and b) 
fractured zones created by the detonation process and c) an influence zone comprised of a fracture 
network caused by the propagation and interaction of stress waves.  However, the extent and 
definition of these zones remains an open debate.  Investigating the theories and different 
approaches which have been developed in order to define these zones is beyond the scope of this 
research, but some approaches to estimating them are widely accepted in practice as well as in the 
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blasting engineering literature. Estimates based on the blasthole‟s radii and the peak particle 
velocity within the rock are extensively used. 
4.2.1 Damage zones surrounding a single blasthole 
Work carried out by Siskind and Fumanti (1974) investigated the fracturing produced in the vicinity 
of large diameter (6½ in or 165 mm) blastholes in granite.  Cores were taken from the vicinity of 
ANFO production blasts and examined (using a total of seven laboratory and field measurement 
techniques) to delineate zones of damage and evaluate the effectiveness of the diagnostic tests for 
fracture-state determination. Laboratory measurements of acoustic pulse velocity, porosity, 
permeability, compressive strength, and Young's modulus indicated the extent of fracturing - with 
the acoustic techniques providing the best means of distinguishing between fractured and 
unfractured core.  Three main zones were identified: 
 A severely fractured zone was found to extend approximately 64 cm from the center of the 
blastholes, equivalent to 8 blast-hole radii (rh). 
 A lesser degree of fracturing extended from 64 cm to 114 cm from the blasthole or 8 rh to l4 rh. 
 undamaged rock remained beyond 114 cm, or l4 rh, from the blasthole. 
According to Hustrulid (1999), during the blasting process, the rock mass damage is produced in 
three ways: a) creation of new cracks around the borehole by high detonation pressures; b) 
 
Figure 4.1: Stages in the fractures process of a full confined blasthole (Kutter and Fairhurst 
1971)  
a) Crushing
b) Crushing and fracture 
in non-lineal zone
c) Radial cracks from 
elastic wave
d)  Expansion of cavity
Extension of non-linear crushed zone
Growth of radial fractures
Dynamic Quasi-static
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extension of cracks around the borehole by the static strain field created by the gas pressure and c) 
creation and extension of cracks remote from the borehole by explosion-generated strain/shock 
waves.  Additionally, the detonation process of an explosive charge
1
 is characterised by zones 
which vary from maximum destruction to minimum disturbance in the rock mass (i.e. blast damage 
transition zone); the zones are: 
 a crushed zone which extends to about 8 rh to12 rh and with a peak particle velocity of 
approximately 20,000 mm/sec. 
 a fractured zone which is developed from about 24 rh to30 rh and with a peak particle velocity of 
approximately 5,000 mm/sec. 
 an influenced zone which may reach from 100 rh  to 120 rh and with a peak particle velocity of 
approximately 1,500 mm/sec. 
Brady and Brown (2004) described the rock breakage caused by explosive phenomena as comprised 
of three stages: a) dynamic loading; b) quasi-static loading and c) release of loading.  A confined 
blasting process would be associated with the first stage because the last two phases are associated 
with free face boundary conditions or burden.  During the dynamic loading phase, and in response 
to the impulse loading and high-intensity stress waves, three zones are generated in the vicinity of 
the blasthole: 
 A shock crushed or extensively cracked zone.  For a blasthole of radius rh, the radius rs of the 
crushed zone may be approximately 2rh. 
 A transition zone immediately outside the crushed zone.  The radius, rt , of the transition zone is 
approximately 4 rh to 6 rh. 
 A seismic zone; crack propagation of the longest cracks of the transition zone or new cracks 
may be initiated at a velocity of approximately 0.20 to 0.25 Cp (longitudinal wave velocity) and 
extend to a radius of approximately 9 rh. 
Saharan et al. (2006) indicated that the fracturing of a rock mass by a detonation charge is related to 
the pressure that is transmitted from the blasthole through shock waves (e.g. the primary shock 
waves).  Starting from the borehole boundary, the transmission of shock waves through the rock 
mass generates three zones:  
 a crushed zone up to four times the radius (rh) of the blasthole  
 a fractured zone up to 50 rh 
                                                 
1 Fully-charged 9⅞” diameter blasthole using ANFO in medium strength rock mass 
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 a seismic zone beyond these two zones 
Mosinets and Gorbacheva (1972), as documented by Saharan et al. (2006), proposed three zones 
based on large-diameter borehole blasting studies which were produced by an explosive charge and 
defined by the following equations: 
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where q is the explosive‟s weight in TNT equivalent (kg), Cp is the longitudinal wave velocity 
(m/s) and Cs is the transverse wave velocity (m/s). 
The Russian study documented by Hustrulid (1999) described the predictions and observations of 
the blast damage zones produced in the surrounding rock when a cylindrical explosive charge 
detonates in a blasthole; three damage zones were defined: 
 a fine crushing zone (rc) (or plastic flow) is where the charge compressive stresses exceed the 
compressive strength of the rock and is defined as: 
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The size of the crushing zone does not exceed 3 rh to 5 rh. 
 a radial fracture zone (rf) which is the result of the intersection of natural fractures and possible 
circular ruptures around a blasthole and it is defined as: 
  (  )   .
  
 
/      (4.5) 
The zone of radial fracture is located at a distance of 40 rh to 50 rh. 
 an elastic deformation zone beyond these two zones 
In these equations ro is the borehole radius (mm), Pb is the borehole pressure (Pa), γ is the 
explosive's adiabatic expansion constant, k is the cohesion (Pa), f is the coefficient of internal 
friction, σc is the unconfined compressive strength (Pa), T is the tensile strength (Pa), E is the 
Young's modulus (Pa) and ν is the Poisson's ratio.   
Field trials testing the Russian study were carried out in a competent rock (i.e. granite, c = 154 
MPa and  = 2.60 g/cm3) and using TNT as the explosive charge.  It was found that the blast 
damage zones can be defined in terms of blasthole radius (rh) as: 
 The fine crushing zone (rc) that extended to a radius of 11 rh to14 rh. 
 A radial fracture zone (rf) that extended to a radius of approximately 26 rh. 
 The elastic deformation zone that extended to a radius of approximately 54 rh to 69 rh. 
4.2.2 Assessment of blast-induced damage using peak particle velocity (PPV) 
Calculation of blast-induced damage to a rock mass using relations between frequency-dependant 
scaled charge (charge per square root metre of charge per cube root of metre) and peak particle 
velocity (PPV) is a common field practice.  A commonly used expression relating PPV to the 
distance and charge weight is: 
    (
  
 
)
 
 (4.6) 
where V is the PPV caused by blasting; W is the maximum weight of charge initiated per delay; R is 
the distance from the blasting source, k and α are constants which are determined from field trials, 
and n is a constant related to the type of charge used (e.g. for a spherical charge n is equal to ⅓ and 
for a cylindrical charge n is equal to ½). 
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a. Holmberg and Persson model 
The most widely used model is the Holmberg and Persson (1980) model which is a simple 
empirical model for the prediction of blast-induced damaged around a single blasthole.  The model 
has been extensively applied in the field to estimate the extent of blast damage to rock masses; 
however, blast-design specific and site-specific parameters that include the geotechnical 
characteristics of the rock mass are required. 
Holmberg and Persson (1980) proposed the following method for damage assessment due to small 
and large diameter borehole blasting in hard rock mines.  The peak particle velocity, PPV, is given 
by: 
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where q is linear charge concentration (kg/m), and dz is the incremental charge length contributing 
to the PPV at point P (m).  For β = 2α, the above equation can be integrated to give, 
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where H is the drilling length, J is the subdrill and T is the stemming length.  The above can be 
written as: 
      * +  (4.9) 
where a is here defined as the Holmberg–Persson term and K and α are the site specific field 
attenuation constants. 
Lu and Hustrulid (2003) corrected a mathematical mistake in the original Holmberg-Persson 
equation with the result that the total PPV produced by an overall cylindrical charge should be 
expressed as: 
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The mathematical mistake made in the development of the original Holmberg-Persson approach 
caused the PPV to be underestimated.  This assessment was carried out using the same variables as 
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used in the original study and the differences in the results of the different equations were evaluated 
(Lu and Hustrulid, 2003). 
Limitations and disadvantages of the Holmberg-Persson model are detailed in Blair and Minchinton 
(1996), Hustrulid (1999), Lu and Hustrulid (2003) and Onederra and Esen (2004).  However, in 
practice, many successful applications of this approach can be found. 
b. CSM approach 
The Colorado School of Mines (CSM) approach (Hustrulid et al. 1992) was developed using the 
mathematical expression for the particle velocity arising from the detonation of a spherical charge 
in an infinite, isotropic and homogeneous medium.  It is: 
      
     
      ,(
      
 
       
  
     
        
)    
     
      
  
   
      
    
     
      
- (4.11) 
 
    
 (   )   
    (  )  
 (  )
 (4.12) 
 
    
    
   (  )  
 (  )
 (4.13) 
where t is time (sec),  is rock density (kg/m3), Cp is P-wave velocity (m/sec), b is the spherical 
radius of the blasthole (m), P is explosion pressure (Pa),  is Poisson‟s ratio for the rock,  is the 
adiabatic index for the detonation products and R is the distance to the observation point from the 
charge center (m).  To use equation (4.11) the following relationship must hold: 
    
   (  )   (4.14) 
The particle velocity propagation equation for the spherical charges simplifies to: 
     
   
      
 (4.15) 
For a cylindrical charge this becomes: 
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 (4.16) 
where a is radius of the cylindrical blasthole. 
An inelastic attenuation of the rock mass was included by introducing an experimentally-
determined decay function of the form      where I is the inelasticity coefficient.  The equation 
(4.16) then can be modified to: 
     
            (         )
      
 (4.17) 
The CMS approaches (Hustrulid 1999), including the inelastic attenuating analysis were applied 
and calibrated at the Aitik Mine (Gallivare, Sweden).  Estimated PPV values, assuming no 
attenuation, were considerably higher than the values measured.  Good calibrations were achieved 
when the attenuation parameters were varied until an approximate fit to a curve through the 
measured points was realized.   
A different approach than the scaled distance law and the Holmberg-Persson model, CMS methods 
can reflect the influence on the PPV estimate on such factors as the different types of explosives, 
the structure of the charge, borehole pressure, the diameter of the blasthole and the characteristics of 
rock. 
c. Lu-Hustrulid Approach 
Hustrulid & Lu (2002) proposed a new equation for the PPV estimate used in rock blasting.  This 
new approach was based on (1) elastic wave theory for cylindrical waves, (2) the original wave 
concept applied to long cylindrical charges, and (3) a solution for the stress wave field generated by 
a short cylindrical charge. Lu and Hustrulid (2003) present verifications of this approach using both 
experimental and on-site PPV monitoring data. 
Assuming that PPV is caused by the p-wave and s-wave components of a shock wave, particle 
velocity for a short cylindrical charge is given by: 
 
   
   (   )  
   
      
[  (
  
  
)
 
     ] *       (         
√   
 
)+ (4.18) 
 
Chapter 4. Modelling confined blasting 
 
94 
   
   (   )  
        
      
    *   (         
√   
 
)+ (4.19) 
where: 
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 (4.21) 
In the above equations t is time, K is a constant that represents the magnitude of the final quasi-
static pressure of the explosion, 0 < K < 1, α is the decay index,   is the frequency of the changing 
pressure, c is the density of the rock,  is Poisson‟s ratio for the rock mass, Cp is the p-wave 
velocity, Cs is the s-wave velocity, kα is a scale factor, P0 is the average explosion pressure of the 
explosive decoupling or air decking and R is the distance to the observation point from the charge 
centre. 
PPV expressions associated with the p-wave and the s-wave components have the following forms: 
   
       
     
 (4.22) 
 
   
       
     
 (4.23) 
where k1 and k2 are constants and y dh can be related to the radius of a blasthole through a 
coefficient.  The PPV caused by a short cylindrical charge can then be expressed as: 
       
    
     
     
    
     
 (4.24) 
where k3 and k4 are constants and a is the radius of the cylindrical blasthole. 
Assuming that the attenuation caused by the inelasticity of rock follows a power law, that the p-
wave and s-wave have the same attenuation index, and taking into account the relationship between 
Cp and Cs, a single blasthole PPV equation can be written as: 
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 (4.25) 
where kw is a comprehensive factor reflecting the influences of the adjacent crushed or plastic zone 
around the charge of the induced p-wave and s-wave on the PPV. 
The average explosion pressure is generally expressed as: 
   
   
 
 (     )
 (4.26) 
where, Pe is the average explosion pressure of the explosive, e is the density of the explosive, D is 
the detonation velocity of the explosive and  is the adiabatic index of the explosive. 
If in the case of decoupling or air decking, the average initial pressure P0 is: 
        
       (      ) (4.27) 
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(4.28) 
where Pk is the critical pressure of detonation production. 
This analytical peak particle velocity estimation method for cylindrical charges includes the 
influence of such factors as the explosive (e.g. density, detonation pressure, explosive's adiabatic 
expansion constant, detonation velocity and heat ratio), rock mass properties (e.g. cohesion, 
Young's modulus and Poisson's ratio), attenuation effects (e.g. inelasticity attenuation coefficient), 
the geometry of a single blasthole (e.g. borehole radius, borehole pressure and charge factor) as 
well as the contribution from compressive and shear waves components (e.g. p-wave and s-wave 
velocities) of the blast.  Additional calibrations and verifications of this approach should be 
performed in order to quantify the rock mass disturbances between the fractured and influence 
zones of the blasthole.  These should include confined monitoring points as well as monitoring 
points locate at distance no more 50 to 75 times the blasthole diameter.   
In summary, analytical approaches can be a good alternative for defining the crushed and fractured 
zones in terms of the radius of the blasthole (i.e. amount of explosive charge) as well as the peak 
particle velocity that may be generated during the detonation process. Probably, a well adjusted 
model that has been verified in multiples field trials, in several rock mass strength conditions, under 
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different structural conditions of the rock and with a good calibration of the variability of their 
results could give a good understanding about these zones.  
However, these analytical methods do not take into account the propagation and interaction of stress 
waves and their effect on the extent of an influence zone and its relationship to rock breakage or 
alteration of the rock mass strength. In addition, none of these analytical tools incorporate the in-
situ stress condition as well as stress orientation and anisotropy ratio in order to establish the 
preferred orientations of cracks and fractures in a particular confined blasting situation. These are 
fundamental aspects of the preconditioning by confined blasting process.  
4.3 STRESS FIELD AND FRACTURE PROPAGATION  
The importance of the stress field in the generation and extension of a fracture is associated with the 
hypothesis that the longest initial cracks would be formed in the direction parallel to the major 
principal stress field. They would propagate preferentially in that direction under gas pressure.  
Conversely, the effect of the minor principal stress is to impede crack development.  According to 
this reasoning, blastholes should be orientated perpendicular to the major component of the stress 
field so that there would be better fracturing results.  These results include the initiation of more 
fractures as well as the increased propagation of these fractures in the direction of the maximum 
principal stress and their extension would be controlled by the stress ratio in the blasted rock. 
Studies carried out by Kutter and Fairhurst (1971), in order to clarify the respective roles of stress 
waves and gas pressure on the blasting process, concluded that the stress waves generate radial 
fractures in a zone immediately around the blasthole (i.e. crushing and fracture zone).  A very large 
region is stressed by the gas, and consequently considerable crack extension can be expected (i.e. 
extension of a non-linear crushed zone).  The results of their experiments indicated that the cracks 
were preferentially extended and propagated in the direction of the maximum principal stress. 
Schatz et al. (1987) performed several laboratory tests and developed theoretical models with the 
objective of determining the parameters that control the occurrence, extension and propagation of 
radial fractures associated with the detonation of an explosive charge in a borehole.  Variables such 
as the anisotropy of stress (i.e. confining pressure), k = 1 /3, were analysed in terms of the 
principal in-situ stresses in order to quantify the fracture length. The data from these trials showed 
that the fractures were extended in the same orientation as the major principal stress direction 
(Figure 4.2a and b) and the fracture length grew with an increase in the stress ratio (k). 
Additionally, the results of stress ratio versus fracture length, calculated from the numerical model 
and compared to the corresponding laboratory result, are shown in Figure 4.2c. 
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Rorke and Brummer (1990) carried out numerical modelling to predict the probable fracture 
intensity - the extension and the orientation of radial fracturing around blastholes at de-stressing 
sites.  Two conditions were taken into account in predicting the orientation and intensity of radial 
fractures, a) the magnitude of the principal stress field and b) the stress ratio.  In an unstressed 
scenario, the cracks are distributed radially about the blastholes (Figure 4.3a).  However, when the 
major principal stress is higher than minor principal stress, that is, there is a higher stress ratio, the 
fractures are orientated parallel to the major principal stress and large zones of unfractured rock are 
created between holes (Figure 4.3b). When orienting de-stressing blastholes these factors 
(magnitude and orientation of the principal stress field) have to be considered, otherwise the de-
stressing effect of the blast may be reduced. 
 
Figure 4.2: Effect of the stress field on fracture growth and orientation (Schatz et al. 1987) 
 
 
Figure 4.3: Blast induced fracturing around blasthole in a the high stress field (Rorke and 
Brummer 1990)  
(a)  k = 1.77 (1/3)
3
1
(b)  k = 3.80 (1/3)
(d)  Effect of the stress ratio on the fracture length
(c)  Fracture propagation vs stress field 
a) Fracture pattern around blastholes in unstressed rock
b) Fracture orientation around blastholes on a the high stress field
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Donze et al. (1997) performed numerical analyses to reproduce the creation of the crushed zone and 
the radial fractures resulting from a single blasthole.  Additionally, the analyses that were carried 
out included a simulated external uniaxial pressure (194 MPa) on the model system to simulate the 
effect of a pre-existing load (i.e. a blast taking place in a pre-stressed environment). The results 
demonstrated that fractures are aligned in the direction of the major principal stress axis as is shown 
in Figure 4.4. 
Jung et al. (2001) performed experimental tests and numerical modelling in order to quantify the 
level of damage to the surrounding rock mass and the area of blast influence when excavating 
tunnels via blasting.   Tests were executed in marble plates and sandstone blocks to clarify the 
generation and orientation of cracks in rock under pressure.  A high-speed camera was used to 
photograph the fracture process during blasting.  After blasting in the marble block it was observed 
that, in the case where a vertical unipreaxial external pressure of 5 MPa was applied, a large single 
vertical crack was created in the same direction as the applied pressure (Figure 4.5b).  However, 
when external pressure was not applied, radial cracks were propagated around the blasthole (Figure 
4.5a). Numerical simulations of the blast showed a good correlation with the results of the 
experiment. The fracture propagation was aligned with the maximum principal stress direction. 
 
 
Figure 4.4: Blasthole modelling vs fractures align to pre-existing stress field (Donze et al. 1997) 
(a)
Blast hole without external stress field
(b)
Blast hole with external stress field
194 MPa
194 MPa
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Ma and An (2008) performed studies of rock blasting damage and its effects on rock strength for 
both intact and fully fractured situations.  Key parameters such as loading rate, distance from a free 
face, stress field, and pre-existing joint planes were investigated through bi-dimensional numerical 
models.  Uniaxial lateral stress was simulated on one of the boundaries in the models (e.g. 2 MPa, 
10 MPa, 30 MPa and 50 MPa) while at the other two boundaries a no-load condition was stipulated 
(i.e. boundaries free of stress).  Once the model was numerically stable, a radial pressure wave of 
300 MPa for a duration of 100 s was introduced in order to simulate borehole blasting.  The result 
of the simulation shows that the fractures are aligned in the direction of the compressive stress axis 
or principal stress.  The simulated fracture patterns are shown in Figure 4.6. 
Numerical modelling of discrete fractures was performed by Saharan and Mitri (2010) to evaluate 
the extent of a fractured zone after de-stress blasting.  A series of simulations was undertaken 
varying several practical factors such as the: effect of confinement (e.g. 200 MPa), effect of stress 
anisotropy (e.g. stress ratio, k = h / v; v = 100 MPa and k = 0.5, 1.0, 1.5 and 2.0) and effect of 
stress level (e.g. h = 150 MPa and 300 MPa).  Other factors such as the borehole spacing, Young‟s 
 
Figure 4.5: Blast experimental trials result of Marble plates (Jung et al. 2001) 
 
Figure 4.6: Fracture pattern subjected to different compressive stresses (Ma and An 2008) 
a) Blast hole without pressure b) Blast hole with pressure of 5 MPa
5 MPa
5 MPa
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modulus, static tensile strength, explosive energy characteristics and the directional fracture growth 
cause by notching were considered.  Simulated emulsion and ANFO explosives were used in these 
simulations.   The results of these studies indicated that confinement has a significant impact on the 
extent of the fracturing length, which can be reduced on the order of 2 to 3 times with increasing 
confinement.  Also, the effect of stress anisotropy can be seen in that the fractures are aligned with 
the major principal stress direction and the length of fractures along the main stress direction is 
much longer than in other directions.  With regard to the stress level, the fractures are aligned with 
the major principal stress direction and the fracture length decreases with an increase in the stress 
level.  The results of these numerical analyses confirm that the stress field plays a dominant role in 
the generation and propagation of new fractures caused by detonation in a blasthole.   Some results 
of the numerical modelling are shown Figure 4.7. 
More recently Onederra et al. (2013a) used a 3D numerical model - the Hybrid Stress Blasting 
Model, HSBM (Furtney et al. 2009 and Furtney et al. 2011), to construct and analyse simulations of 
a fully confined blast.  They quantified the impact of both the intensity and interaction of stress 
waves induced by the explosive detonation process under those conditions.  The influence of the 
orientation and magnitude of in-situ stresses has been considered in these analyses in order to assess 
the radius of influence of instantaneous detonation charges on rock mass damage.  In-situ stress 
conditions were evaluated at depths between 500 m and 1,500 m to an increase in stress ratio of 250 
m.  Also, the influence of the stress anisotropy (k = h / v) at a constant depth of 1,000 m was 
considered for k ranging from 0.5 to 3.0.  A “disturbed zone” criterion was defined in terms of the 
radial peak particle velocity component which they plotted as velocity contours.  A threshold of 
incipient damage of 1,100 mm/s was estimated from average intact rock properties and used to 
assess the extent of potential disturbed zones, as well as interaction caused by the simultaneous 
initiation of confined charges, was determined.  Figure 4.8 summarises the results at depths of 500 
 
Figure 4.7: Blast numerical modelling and the effect of the stress level (Saharan and Mitri 2010) 
(a)
Fracture pattern with 
horizontal stress, h = 150 MPa
Explosive - Emulsion types
Peak borehole pressure = 2.9 GPa
Vertical stress, v = 91 MPa
Stress ratio, k = 1.65
Explosive - Emulsion types
Peak borehole pressure = 2.9 GPa
Vertical stress, v = 182 Mpa
Stress ratio, k = 1.65
(b)
Fracture pattern with 
horizontal stress, h = 300 MPa
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m and 1,200 m and shows that the fracturing in the vicinity of the blasthole and disturbed zone 
(interaction between blasts) is significantly reduced with the depth and an increase in the major 
principal stress.   
In terms of the stress ratio (k), the orientation of radial fractures with respect to the principal stress 
direction is more evident at anisotropic stress ratios greater than 2.0 - with fractures aligned 
according to the major principal stress orientation. Figure 4.9 shows the simulation results for 
values of k of 1.0 and 2.0 and as the fractured zone near of vicinity of the hole is reduced and also 
as is orientated according to the maximum principal stress component. 
 
Figure 4.8: Influence of in situ stress magnitudes on the size of the fractured zone at 1,100 m/s 
(Onederra et al. 2013b) 
 
 
Figure 4.9: Influence of stress ratio and fracture zone orientation at 1,100 m/s (Onederra et al. 
2013b) 
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Considering the above studies, there is a general agreement that the propagation and orientation of 
fractures generated by a confined blast detonation are aligned in the direction of the principal stress.  
Also, this propagation has a strong correlation with the stress anisotropy ratio. Multiple 
experimental and analytical studies and numerical modelling were needed to support this hypothesis 
because, due to the complexity of the blasting process, there is no in-situ physical setup that allows 
for measurement of all the variables and results.  However, the author feels that the above studies 
provide ample evidence to conclude that the propagation of fractures is controlled by the principal 
stress orientation and the extension by the stress anisotropy.   
The application of confined blasting to preconditioning has to take into account these variables (i.e. 
principal stress orientation and stress ratio) when drillhole patterns and blasting sequences are 
defined. This leads to optimal blasthole interaction as well as to the maximum extension of the 
“influence zone”.  If these factors are ignored, strong interaction between blastholes may not be 
achieved and the effectiveness of preconditioning may be drastically reduced.  For example, the 
propagation and extension of blast preconditioning fractures could be reduced to only a crushed and 
fractured zone between initiation points; zones of unfractured rock could be left between blastholes. 
4.4 THE HYBRID STRESS BLASTING MODEL (HSBM) 
The Hybrid Stress Blasting Model (HSBM) can be described as a sophisticated blast modelling 
research tool.  The computer code has been developed under an international collaborative research 
project managed by The University of Queensland and funded by a consortium of companies 
comprised of explosive and equipment suppliers and major mining firms.  The main objective has 
been to develop a numerical tool that models the complete blasting process - the detonation process, 
initial shock, fracturing, damage, fragmentation, vibration and rock movement. 
A description of the numerical development of the code has been presented by Furtney et al. 
(2009).  Calibration and validation through experiments using large scale blasts have been carried 
out by Onederra et al. (2009), Sellers et al. (2009) and Onederra et al. (2013a).  The studies 
contrasted the numerical modelling results of the HSBM and fully monitored and controlled 
blasting.   
The main components of HSBM include: 
 Detonation modelling: this is via ideal and non-ideal detonation models to determine explosive 
detonation characteristics and outputs from fully coupled and decoupled conditions.  The current 
detonation module in HSBM is designated as Vixen. 
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 Blast layout and discrete fracture network (DFN): These include blast layout and discontinuity 
software tools.   These enable the design of larger and more complex models and blasting 
layouts.  However the rock-breakage engine has the facilities to build relatively simple blast 
geometries based on built-in design templates.    
 The rock breakage engine: The rock breakage engine in the HSBM is called Blo-Up.  It uses a 
combination of continuous and discontinuous numerical techniques to model detonation, 
dynamic wave propagation, rock fragmentation and muckpile formation.   
The interfaces between these components or modules which collectively constitute the HSBM tool 
are illustrated in Figure 4.10. 
The Blo-Up interface provides the platform for model input parameters as well as the graphical 
display of specific outputs.  These include items such as 3D graphical representations of dynamic 
fracturing, fragment size distributions, internal fragment damage, pressure histories and velocity 
histories.  The mechanical aspects of the Blo-Up computational engine have been discussed in 
detail by Furtney et al. (2009).   One of the most fundamental aspects of the code is the numerical 
representation of the borehole, explosive charge and rock mass.   
As described by Furtney et al. (2011), the borehole explosive and near-field rock are represented as 
an axis-symmetric continuum using the FLAC code.  The explosive is represented as a special 
constitutive behaviour in the central zones of the FLAC region.  The Vixen detonation models, 
 
Figure 4.10: Diagram of the Hybrid Stress Blasting Model (HSBM Users‟ Guide 2010)  
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described separately by Cunningham et al. (2006), give as input to the FLAC model the velocity of 
detonation, the parameters for the Williamsburg equation of state, the final reaction extent, the 
initial density and a reference state.  Energy release in the FLAC zones representing the explosive is 
controlled by a programmed burn algorithm.   The rock in the near-field area is represented as a 
Mohr-Coulomb material, which is coupled to the explosive reaction products represented by the 
Williamsburg model.  Energy released by the reaction increases the isotropic stress in the zones 
representing the explosive.  The confining material expands in response to the increasing gas 
pressure, and the new confining volume is transmitted to the Williamsburg equation of state, which 
returns a new isotropic stress.  In this way, rock and explosive are fully coupled at all times.  The 
stemming material is modelled directly as a Mohr-Coulomb material.  The mechanical calculation 
is fully coupled to a simplified gas flow logic representing the high pressure reaction product gas. 
This logic uses an equilibrium pressure parameter to simulate energy losses due to crushing of the 
borehole wall. 
The rock mass is represented with a lattice-type discrete element method, which is a simplification 
of the full DEM calculation cycle previously performed by the PFC3D code.  The main features of 
the lattice approach have been described by Cundall (2011).  In general terms, the lattice method 
applies forces to point masses, which have only translational degrees of freedom, and the 
connecting springs, representing the cohesiveness of the rock, have a tensile breaking strength.  
This simplification has resulted in an increase in calculation speed and a significant decrease in 
memory storage requirements.  The model geometry is built up of point masses distributed in a non-
repeating pattern with a user-specified average separation between nodes (i.e. model resolution).   
On the lattice, four boundary conditions are permitted: free, quiet, semi-quiet and flex.  Free nodes 
represent a free surface, which may reflect stress waves.  Quiet boundaries are used to model intact 
rock of the same type in the far field.  Quiet boundaries ensure that wave energy is absorbed at the 
interior (artificial) model boundaries.  This is the boundary condition mainly used in fully confined 
blasting models such as those discussed in this chapter. 
As has been argued previously, in-situ stress fields play a fundamental role in the propagation and 
orientation of the fractures generated through a confined blast.  The orientation and magnitude of 
the principal stresses as well as the stress anisotropy ratio have a strong correlation with the 
extension and growth of the fractured and influence zones during the confined blasting process.  As 
part of this research, and in order to continue with the preconditioning analyses, it has been 
suggested to Itasca Consulting Group that HSBM would have an option to include the in-situ tensor 
stress in the Blo-Up interface.  This option has been added recently to HSBM and the current 
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version has incorporated the complete blasting process as well as all required geotechnical 
parameters that need to be included for any preconditioning by confined blasting analyses. 
4.4.1  Disturbed and interaction zones in the HSBM 
As discussed earlier, preconditioning by confined blasting is a process in which the sequence of 
interactions between adjacent detonation points and blastholes become coupled through the 
interaction of stress waves.  The rock mass strength in the vicinity of the blasthole is altered to form 
crushed, fractured and finally influenced zones, each at an increased distance from the blasthole.  
This process is enhanced or increased by a careful choice of the detonation sequence and distances 
between detonation points and blastholes which allows the optimal interaction between the shock 
waves and associated reduction of the rock mass strength.   
Onederra et al. (2013b) have proposed a disturbed and interaction zone criteria in order to assess 
confined blasting applications.  This criterion combined both the final state of the intact rock (e.g. 
lattice node contact failure in the HSBM model) and the irreversible deformation or micro- 
fracturing caused by a stress transient, which is assumed to be directly related to a peak particle 
velocity threshold.  Due to the ability of the HSBM to dynamically display velocity fields, this 
particular option of the tool has been used to identify different stages of the stress propagation and 
attenuation process proposed by Onederra et al. (2013b). It has also been used to display the 
potential extent of preconditioning by blasting at given distances and so, define whether interaction 
or stress superposition is achieved between blastholes.   
In reference to Figure 4.11, the confined blasting process starts with the initiation of an explosive 
column (stage 1), since primer points the stress waves travel across the explosive charge (stage 2) 
and interaction occurs between detonation points (stage 3).  Immediately after the interaction of the 
detonation front waves and once the explosive column has been consumed, the gas simulation logic 
(pressure) is activated (stage 4). Afterwards, and in accordance with the algorithm implemented in 
the HSBM, the combined effect of the shock waves and gas produces the stress wave imparted into 
the rock mass, generating a disturbed zone (stage 5).  Finally, the interaction zone is delineated by 
the interaction between blastholes when a specific threshold of peak particle velocity is reached 
(stage 6).  This methodology defines the disturbed and interaction zones, the region of which are the 
main goals of preconditioning by confined blasting or where the strength of the rock material is 
potentially reduced, i.e. a “Pre-conditioned” zone. 
Clearly, these particle velocities diminish with distance, however, an optimal interaction between 
blastholes is achieved when the spacing between them is closer and thus the potential degree of 
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preconditioning of the rock mass by blasting becomes continuous and its fracture propagation aligns 
with the principal stress direction.  Summarising, the extent of this interaction will depend on the 
attenuation of the wave, the in-situ stress regime, the distance between initiation points and the 
detonation sequence of these explosive columns.    
4.4.2 Evaluation of preconditioning by confined blasting using HSBM models  
As has been argued and presented previously, preconditioning by confined blasting has as a 
fundamental design criterion the interaction between shock waves and how these waves are 
propagated through of the rock mass.  An important aspect in the definition of the extent of 
preconditioning by blasting is having a better understanding of the potential impact of the intensity 
and final attenuation of transient stress waves; their potential interaction/superposition and the 
 
Figure 4.11: Two blastholes describing the main numerical modelling stages and disturbed and 
interaction zones in the confined blasting applications (after Onederra et al. 2013b)  
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influence of in-situ stresses.  According to the definition of disturbed and interaction zones 
described previously, a threshold of peak particle velocity is used as a criterion for defining the 
potential areas of the rock mass that have a high probability of being affected. The PPVs are 
determined by the three dimensional distribution of stress waves that is generated by explosive 
charges and impacted by the location of the blastholes.   
Figure 4.12 shows a description of the adopted criteria which are used to interpret the results 
generated by the HSBM simulations to assess the confined blasting configurations.  Different peak 
particle velocity envelopes are generated.   These result in different degrees of damage -ranging 
from a fractured zone near the blasthole, which is a combination of macro- and micro- fractures (i.e. 
crushed and fractured zones) followed by the disturbed zone, consisting mainly of micro-fracturing.   
In between blastholes there is also an interaction zone that is produced by the interacting shock 
waves which are expected to cause micro-fracturing of intact rock.  It is important to note that 
currently the HSBM is able to display only the final state of a point in the rock mass (failed or intact 
lattice node contacts).  Figure 4.12 shows, in red, the threshold of the peak particle velocities with 
amplitudes exceeding 1,100 mm/s. 
 
Figure 4.12: Disturbed and interaction zones preconditioning by confined blasting (after Onederra 
et al. 2013b)  
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4.4.3 Configuration of HSBM models 
As has been discussed in chapter 3, the results of the full field tests of single holes have been used 
to calibrate, define modelling parameters and optimize the HSBM simulations.  A preliminary 
calibration is described by Catalan et al. (2012b) and was performed to define the stemming plug 
length and a tentative location of detonation points.  However, a more elaborate calibration process 
was conducted by Onederra et al. (2013b) which consider detailed aspects of the confined blasting 
process as well as the criteria previously discussed.   The calibration process has allowed the 
optimisation of model geometries, boundary conditions and the definition of key model solution 
parameters. 
The modelling parameters are associated with strength and strain rate dependency, with lattice 
resolution requirements, and with velocity attenuation and activation conditions for the newly 
implemented gas flow logic as specified by Onederra et al. (2013b).  These results are used in the 
following section in order to apply the HSBM tool to a larger block scale and thus define the most 
appropriate and practical spacing, orientation and location of blastholes. 
The intact rock mass properties which have been used as input into the HSBM numerical analyses 
are summarised in Chapter 3, Table 3.3. The in-situ stress conditions which have been used in this 
numerical modelling as well as their orientations are provided in the Chapter 3, Table 3.4. 
Preconditioning by confined blasting in accord with the field trials specifications, are assumed for 
these numerical analyses and are detailed in Chapter 3 and Catalan et al., (2012b and c). 
4.5 CONFINED BLASTING PRECONDITIONING SCENARIOS  
The modelling of a number of confined blasting scenarios involved the following key tasks:  
 Data from field trials was collected and analysed to define a peak particle velocity damage 
threshold (Catalan et al. 2012a). In this case a value of 1300 mm/s was defined and used for 
modelling and relative comparisons between scenarios. 
 HSBM calibration runs were conducted with trial data (Onederra et al. 2013b). 
 Additions to the HSBM to take into account blast preconditioning field boundary conditions 
such as in-situ stresses have been included. 
 For specific scenarios, disturbed and influence zones were identified for different blastholes 
configurations. 
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4.5.1 Description of modelling alternatives  
Evaluation of the mine layout has been assessed for a depth of 1,100 m below the surface.  The 
mine layout considers spacing between undercut drives of 32 m and the extraction level layout 
considers layout between drives of 32 m and a drawpoint distance of 20 m.  The distance between 
both levels is 26 m.  The blasthole drilling patterns had to take into account the extraction level 
layout because the broken ore is removed through this level.  All of this process (i.e. caving 
mechanism) would be influenced by the interaction between preconditioning blastholes that are 
configured to generate an optimal cave initiation and that ensure that the cave propagates upwards 
throughout the orebody.   
The analyses were divided into two phases: 1) the blastholes were drilled from undercut level, and 
2) the blastholes were drilled from extraction and undercut levels. The first phase considered four 
design patterns, with the analysis focusing on assessing whether a mining design layout of 32 m x 
20 m using inclined holes were able to achieve positive interaction to increase the extent of 
preconditioning within the volume of interest. The second phase examined two designs where one 
and two holes are drilled from the extraction level in order to maximise the disturbed and 
interaction zones between blastholes. Designs parameters for preconditioning by confined blasting 
defined in the previous chapter have been used in all modelling processes. 
Case A: Three blastholes are located at the same drive, spaced at 15 m, fired simultaneously and 
they are distributed as shown on Figure 4.13. The main goal of this option is to verify the maximum 
spacing between blastholes in order to achieve an optimal interaction between them. 
Case B (Base Case): Four blastholes as it is shown on Figure 4.14. Two of them are located at the 
same drive and other two are situated at adjacent drive, spaced at 15 m between holes and 32 m 
 
Figure 4.13: Mine layout and preconditioning blasthole patterns case A 
15m
150m
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between drives and all holes blast at the same time.  The aim of this alternative is to assess the 
interaction degree between adjacent blastholes according to the mine layout.  
Case C: Four blastholes as it is shown on Figure 4.15, three of them are drilled at the same drive 
and one at adjacent drive, spaced at 15 m between holes and 32 m between drives and all holes are 
blasted at the same time. The main objective of this pattern is to find out an improvement of the two 
previous scenarios.  
Case D: As it is shown on Figure 4.16, six holes are blasted simultaneously. Three of them are put 
at the same drive spaced at 15 m between holes, and the other three are situated at contiguous drive, 
separated at 32 m between drives. The main goal of this configuration is to improve the pre-
conditioned area around the zone of caved and broken material (i.e. drawbell zone). 
 
Figure 4.14: Mine layout and preconditioning blasthole patterns case B 
 
Figure 4.15: Mine layout and preconditioning blasthole patterns case C 
15m
32m
150m
15m
32m
150m
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Case E: Four blastholes are located at the undercut level. Two of them are situated in the same drive 
spaced at 15 m between holes, and the other two are drilled at adjacent drive distanced by 32 m 
between drives. The fifth hole is drilled from the extraction level which is put at the centre on the 
drawbell. All of these holes are blasted at the same time. The pattern and orientation of these holes 
are shown on Figure 4.17. The main objective of the alternative is to achieve the interaction 
between blastholes, increasing the pre-conditioned vertical zone and that way ensuring a column of 
pre-conditioned material. 
Case F: As it is shown on Figure 4.18 , six holes are blasted simultaneously and they have the same 
pattern as in case 5. However, two blastholes are drilled from the extraction level and located at the 
interface between a drawpoint and a drawbell (i.e. brow). The main goals of this option are to 
maximise the pre-conditioned zone, to enhance flow of pre-conditioned material and to guarantee 
vertical cave inducement. 
 
Figure 4.16: Mine layout and preconditioning blasthole patterns case D 
 
Figure 4.17: Mine layout and preconditioning blasthole patterns case E 
15m
32m
150m
15m
32m
20m
16m
20m
150m
175m
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4.5.2 Numerical modelling results 
Numerical modelling analyses have been performed for all of these scenarios. The desired outcome 
is to predict and delineate the extent of the resulting fractured, disturbed and interaction zones (i.e. 
overall macro and micro fracturing) from either single or several nearby blastholes detonated 
simultaneously, and that way generate the pre-conditioned zone. In order to improve the efficiency 
of model run time, these scenarios have been divided in two sections, the bottom and the top section 
of these patterns (i.e. length blasthole of 50 m). 
4.5.2.1 Results – Case A 
Modelling results for case A are described in Figure 4.19 for the bottom section of this pattern, i.e. 
between 0 m and 50 m.  Figure 4.20 depicts the results for the top side of the pattern, i.e. from 100 
m to 150 m respectively.  
Based on the criteria discussed earlier, this three-hole configuration identifies a fractured zone 
radius of approximately 1.5 m to 2.5 m, which is characterised by a number of radial fractures 
contained in this envelope. Near the vicinity of the blasthole, this fractured zone is independent of 
the spacing between blastholes and they show the biggest radius at the interaction zone between 
detonation points where shock waves are produced.  
With regards to the disturbed zone, the red zones indicate the radial peak particle velocities pre-
defined at 1,300 mm/s, are reaching this level 1.5 milliseconds from the initiation of the detonation 
process for each individual blasthole. There is no interaction between them, nonetheless. At the 
initiating primer, disturbed radii of approximately 5.0 m are achieved, and radii of 6.0 m are 
 
Figure 4.18: Mine layout and preconditioning blasthole patterns case F 
15m
32m
20m
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achieved mid-way between primer positions. These radii are defining the disturbed zone and 
scenario A (between 0 m and 50 m) are used to help identify the potential extension of this zone. 
Figure 4.19 shows that in the lower part of this aligned three-hole array, interaction is possible and 
the preconditioning zone can be extended to distances between all charges. The degree of 
interaction is clearly more prevalent between initiating primers than at the plane of a primer. Figure 
4.20 shows that in the upper part of the pattern, as the distribution of charges begins to separate, 
interaction may still be achieved in the plane between primers due to detonation front collisions, but 
it is reduced in the plane of an initiating point. In the upper section of this pattern, preconditioning 
from positive interaction of stress waves would be continuous between explosive charges. 
From the adopted configurations it is concluded that continuous interaction of incoming waves 
between blastholes is evident along the explosive column (i.e. at the primer and between primers) at 
spacing of 15 m. Interaction zones are achieved to 2.0 milliseconds of initiated the detonation. 
Micro fractures of a pre-conditioned zone can be reached at distances of 15 m between aligned 
blastholes. 
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Figure 4.19: Degree of interaction of lower section of case A (between 0 m and 50 m) 
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Figure 4.20: Degree of interaction of upper section of case A (between 100 m and 150 m) 
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4.5.2.2 Results – Case B (Base Case) 
Modelling results for case B are described in Figure 4.21 for the bottom section of this pattern, i.e. 
between 0 m and 50 m. Figure 4.22 depicts the results for the top side of the pattern, i.e. from 100 m 
to 150m respectively. 
Regarding the fractured zone, all blastholes show identical results of a radius of approximately 1.5 
m to 2.5 m near the vicinity of each borehole. As is described in case A, the largest radius is 
reached between detonation points (i.e. interaction zone). 
With regards to the disturbed zone for each individual blasthole, the red zones indicate the radial 
peak particle velocities of 1,300 mm/s are being reached at 1.5 milliseconds from the initiation of 
the detonation process. Interaction between holes is not achieved at this detonation time. Radii of 
approximately 5.0 m at the level of the initiating primer or 6.0 m mid-way between primer positions 
can be seen, defining the disturbed zone. 
With respect to the interaction zones, there is clear evidence that blastholes located at the same 
drive (spacing of 15 m) achieve a better interaction than blastholes located at adjacent drives, with a 
spacing of 32 m. The optimal interaction is achieved 2.0 milliseconds from the beginning of the 
detonation of aligned holes. 
As expected, interaction between in-line charges spaced at 15 m is identified in the lower section of 
this configuration (Figure 4.21) and consistent with previous analysis. The degree of interaction is 
reduced at the plane of an initiation point or primer. As shown in Figure 4.21, clearly at distances of 
32 m the likelihood of interaction is practically nil. The model does not show evidence of 
interaction or Pre-conditioned zone between drifts. 
Conversely, in the upper section of this configuration (Figure 4.22), interaction zones are not 
reached neither at the primers nor at the middle initiation points.  Summarised, the upper section of 
this pattern does not show any interaction between blastholes. There is no evidence of Pre-
conditioned zones. 
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Figure 4.21: Degree of interaction of lower section of case B (between 0m and 50m) 
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Figure 4.22: Degree of interaction of upper section of case B (between 100m and 150m) 
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4.5.2.3 Results – Case C 
Modelling results for case C are described in Figure 4.23 and 4.24 for the lower and upper sections 
of this pattern, respectively.  
As with the previous analysis, interaction between in-line charges spaced at 15 m can be identified 
in the lower sections of this configuration. As shown in Figure 4.23 the degree of interaction is 
reduced at the plane of an initiation point or primer. Again at distances of 32 m there is no proof of 
interaction taking place, making it a zone where preconditioning is not likely to occur.  
In the upper section of this pattern (Figure 4.24) the interaction is not evident in the plane of 
detonation from collisions between primers. There are no zones of nil interaction at the primer 
plane. This analysis identifies an “inert” zone in the middle of the pattern, where the likelihood of 
preconditioning practically disappears.  
An extra blasthole could extend the preconditioning envelope and increase the likelihood of positive 
interaction between charges making significant improvements to the overall preconditioning 
envelope. 
4.5.2.4 Results – Case D 
Modelling results for case D are described in Figure 4.25 for the lower section of the six holes 
configuration; and Figure 4.26 for the upper sections of this configuration.  
As described, interaction between in-line charges spaced at 15 m is evident in the lower sections of 
this configuration. Again, the degree of interaction is slightly reduced at the plane of an initiation 
point or primer. At the larger distances of 32 m there is however no evidence of interaction taking 
place, making it a zone where preconditioning is not likely to occur.  
Similar to case C, this analysis identified “inert” zones in the middle of the layout, where the 
likelihood of preconditioning is extremely low. As has been suggested with the previous scenario, 
an extra blasthole could be located in order to improve the pre-conditioned zone and increase the 
likelihood of positive interaction between charges, particularly when simultaneous initiation is used 
and so, a continuous pre-conditioned zone could be achieved. 
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Figure 4.23: Degree of interaction of lower section of case C (between 0 m and 50 m) 
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Figure 4.24: Degree of interaction of upper section of case C (between 100 m and 150 m) 
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Figure 4.25: Degree of interaction of lower section of case D (between 0 m and 50 m) 
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Figure 4.26: Degree of interaction of upper section of case D (between 100 m and 150 m) 
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4.5.2.5 Results – Case E   
Modelling results for case E are described in Figure 4.27. 
Based on the criteria discussed previously, this five-hole configuration identifies a fractured zone 
radius between 1.5 m and 2.5 m, which is consistent with the earlier scenarios. The fractured zone is 
independent of the spacing between blastholes and only depends on the explosive charge distributed 
between detonation points. As is expected, the largest radius is developed between initiation points. 
With regards to the disturbed zone, envelopes of 1,300 mm/s are reached at 1.5 milliseconds, 
approximately 5.0 m at the level of the initiating primer and 6.0 m at the mid-way position. The red 
zones indicate the pre-defined radial peak particle velocities. However, interactions between holes 
are not reached at this stage. Figure 4.27 shows that with this five-hole configuration a reasonable 
interaction between blastholes is reached and the pre-conditioned zone can be extended because the 
degree of interaction is clearly visible. Peak particle velocities of 1,300 mm/s are extended through 
all the vertical extent of the explosive charge and an entire pre-conditioned zone is achieved.  
Clearly this blasthole configuration shows a considerable advantage in comparison to the previous 
configurations because a continuous and homogeneous interaction zone of incoming waves is 
noticeable along the entire explosive column. According to these results, the main objectives of this 
pattern (i.e. an increasing of the vertical shock wave interaction so as to ensure a column of pre-
conditioned material) can be satisfactorily achieved. 
4.5.2.6 Results – Case F (“Ultra” Pre-conditioned) 
Modelling results for case F are presented in Figure 4.28. 
This scenario can be described as “ultra” preconditioning by confined blasting because continuous 
interaction and superposition of shock waves between blastholes are being achieved almost in the 
entire volume of the pre-conditioned zone, as well as the pre-defined criteria for the Pre-conditioned 
zones (i.e. thresholds of peak particle velocities of 1,300 mm/s). 
This configuration ensures a maximum interaction between blastholes, enhancing an optimal flow 
of pre-conditioned material and guaranteeing the vertical cave inducement. 
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Figure 4.27: Degree of interaction of case E 
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Figure 4.28: Degree of interaction of case F
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4.6 CONCLUSIONS 
Literature supports the hypothesis that the propagation and orientation of fractures generated by a 
confined blast detonation are aligned in the direction of the principal stress.  Also, this propagation 
has a strong correlation with the stress anisotropy ratio.  Multiple experimental and analytical 
studies and numerical modelling were needed to support this hypothesis because, due to the 
complexity of the blasting process, there is no in-situ physical setup that allows for measurement of 
all the variables and results.  
Because of the ability of  HSBM to dynamically display velocity fields, this particular output was 
used to identify at different stages of the stress propagation and attenuation process, the potential 
extent of disturbance at given distances and also define whether interaction is achieved between 
blastholes.  
Six cases were modelled and they can be grouped into three categories: 
1. Base Case: Four vertical up-hole blastholes with two spaced 15m apart (within the same 
undercut drive) and with the undercut drives spaced at 32m (Figure 4.14). All blastholes are 
drilled from the undercut level. In the model, the holes were fired simultaneously with each 
hole initiated at multiple points but on the same delay number. 
2. Continues preconditioning: Five vertical up-holes pattern (i.e. 4 holes drilled from at 
undercut level as per scenario 1 pattern) but with the fifth hole drilled vertical to end up at 
mid-cross cut (Figure 4.17) and located at the centre of the drawbell. 
3. Ultra preconditioning: Six holes drilled as per Figure 4.18. Two blastholes are drilled from 
the extraction level and located at the interface between a drawpoint and a drawbell (i.e. 
brow). In the model, the holes were fired simultaneously with each hole initiated at multiple 
points but on the same delay number. 
A desirable outcome (visually) is to have the damage envelopes from all adjacent holes overlap or 
interconnect. This would suggest that the volume straddled by the blastholes was evenly affected by 
the preconditioning blasts. 
Base Case: Figure 4.21 and 4.22 are the predicted disturbed and interaction zones around each 
confined blasthole for scenario 1. The isolated fractured zone envelope around each hole is 
estimated to be approximately 1.5 to 2.5 m in diameter i.e. approximately between 9 and 15 hole 
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diameters. Also, the isolated disturbed envelope around each hole is estimated to be approximately 
between 5 and 6 m in diameter i.e. approximately 30 to 35 hole diameters. Visually the results 
showed no overlapping of the interaction envelopes along the entire charged sections of the blast 
holes i.e. at primers points and between initiation points.  
Continues preconditioning: Figure 4.27 shows a symmetrical or effectively circular damage pattern 
around each hole. However, visually, there is some overlapping of the damage envelopes after 2 
milliseconds at the primers points and between initiation points. It was shown in Catalan et al. 
(2012b and c) and Onederra et al. (2013b) that the practice of multiple point initiation using the 
same delay number maximised the disturbed envelope overlapping at mid- initiation points. 
Ultra preconditioning: This blasthole configuration resulted (Figure 4.28) in close to the desirable 
pre-conditioned zone (visually) where interaction and superposition of shock wave envelopes from 
all adjacent holes overlap or interconnect suggesting that the volume straddled by the blastholes 
would be uniformly affected by the preconditioning by confined blasting to thresholds of peak 
particle velocities of 1,300 mm/s. 
The benefit of this modelling exercise was to quantify the effects of blasthole spacing, charge 
length, primer position and existence or otherwise of stress interaction. Due to operational 
constraints, the implementation of the base case (four holes pattern drilled from the undercut level) 
was adopted and incorporated into the final intensive preconditioning design parameters. The 
implementation of the base case is discussed in the following chapter. However modelling results 
demonstrated that the optimum pattern to maximise “interaction” between holes would have been a 
six hole pattern defined as the ultra-preconditioning case.  
 
 
 
  
 
 
 
 
 
 
CHAPTER 5  
 
Intensive preconditioning 
implementation at Cadia East Lift 1 
Panel Cave   
 
This Chapter gives a comprehensive account of the implementation of intensive preconditioning the 
Cadia East Lift 1 Panel Cave. The author was involved in all aspects of this implementation and 
published at major international conferences. The core of this Chapter is based on two 
publications; the first was published in the 46th US Rock Mechanics / Geomechanics Symposium 
held in Chicago, IL, USA, 24-27 June 2012. This publication was awarded the best paper by the 
American Rock Mechanics Association. The second paper was published in the ISRM EUROCK 
2013 international Symposium held in Poland. 
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 INTRODUCTION 5.1
The intensive preconditioning concept is a combination of both hydraulic fracturing (in down-holes) 
and confined blasting (in up-holes). As discussed in Chapter 3, Cadia East undertook a series of 
full-scale preconditioning by hydraulic fracturing trials between September 2009 and February 
2010.  The aim of these tests was to provide operational parameters in terms of the pressure 
requirement to generate and propagate hydraulic fractures in different geotechnical/geological 
domains; to define hydraulic fracture geometry; to confirm the minimum hole spacing requirement 
between fractures; to generate hydraulic fractures down to 550m deep from the collar of the hole; 
and to optimise the design for the full implementation program.  Subsequently, confined blasting 
tests supplemented by advanced modelling were conducted in 2010-2011 to evaluate and define the 
key design parameters required to enhance stress induced damage (stress wave interaction) given a 
number of mining geometries and explosive charging constraints. Based on this detailed work 
which has been described in Chapters 3 and 4, final intensive preconditioning parameters were 
defined and implemented and these are described in this Chapter.  
 OVERVIEW OF THE CADIA EAST MINING COMPLEX 5.2
The Cadia East ore body is located in Cadia Valley approximately 25 km south east of Orange in 
New South Wales, Australia. It is 100% owned by Newcrest Mining Ltd. The Cadia East ore body 
was discovered in 1985 and studies into the viability of the Cadia East resource commenced in the 
early 1990‟s (Malone 2011). The Cadia East resource, located adjacent to the Cadia Hill open pit, is 
a massive low grade gold-copper porphyry deposit covered by up to 200 m of overburden. The 
system is up to 600 m wide and extends to 1.9 km below the surface. 
The Cadia East Underground Project is concerned with the development of the massive Cadia East 
deposit into Australia‟s first panel cave. The mine will be the deepest panel cave in the world and 
Australia‟s largest underground mine. Newcrest‟s mining studies identified panel caving as the 
method likely to deliver the optimum technical and economic outcomes from the deposit. 
As shown in Figure 5.1, the Cadia East mining complex is implementing a series of panel caves 
designated as PC1 and PC2. The first level (PC1) is located approximately 1200 m below surface 
and the PC2, 1450 m also below surface. Both panels will be mined simultaneously. The total 
mining inventory is of the order of 1073 Mt @ 0.60g/t Au and 0.32% Cu. Based on the  mine plans 
(Catalan et al. 2012c), the following are some the key mining parameters: 
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• Production to start in the latter part of 2012 
• Production rate: maximum 26 Mpta 
• Mine life: +35 years 
• Lift 1 extraction level at ~1225 m depth 
• Lift 2 extraction level at ~1475 m depth 
• El Teniente extraction level layout  
• High and Post undercutting strategy 
• Jaw - gyratory crushers located within close proximity to footprint 
• Materials handling system: conveyor belt 1.5 m   
• ~200 km horizontal development 
• Untethered LHD production (Electric or Diesel) 
 
Figure 5.1: East-West looking North section through the Cadia East (Catalan et al. 2012c) 
The geotechnical domains within the Cadia East mining complex were delineated based on 
lithology, alteration and structural interpretations. From this, three major units (Sedimentary, 
Volcanic-Stratified and Igneous) were defined.  
The geotechnical environment where the intensive preconditioning program was implemented has 
been described in detail in Chapter 3.  
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 HYDRAULIC FRACTURING SYSTEM 5.3
Hydraulic fracturing (hydraulic fracturing) is a process which is performed by isolating a short 
section of a borehole, which is called the pressurized zone, typically by using open-hole inflatable 
straddle tools (e.g. packers).  Subsequently, a high-pressure fluid is pumped into the isolated area, 
increasing the fluid pressure acting on the borehole wall and axial fractures are initiated or existing 
natural fractures are opened.  These hydraulic fractures will be orientated in the plane of major (1) 
and intermediate (2) principal stresses and they will be opened in the direction of the minor 
principal stress (3). The hydraulic fracture is extended into the rock mass by the continued 
injection of the high-pressure fracturing fluid.  
The pressure required to initiate a fracture at the borehole is defined as the breakdown pressure (Pb) 
and is often the highest pressure reached during a fracture treatment. This fracture initiation 
pressure depends of the field stress acting on the borehole, the borehole inclination in the stress 
field and the tensile strength of the rock (Jeffrey et al. 2009; Catalan et al. 2012b and c).  As is 
indicated in Chapter 2 and 3, this pressure can be estimated for an axial fracture where the 
intermediate and maximum principal stresses act in the plane perpendicular to the borehole axis or 
when considering a circumferential slot where a fracture initiation point could be defined. 
Propagation pressure (PP) is the injection pressure required to maintain fracture growth.  The 
instantaneous shut-in pressure (ISIP) is the pressure recorded immediately after the injection is 
stopped and it represents a measure of the pressure in the fracture after fluid friction and fracture 
entry loss are eliminated.  Packer pressure corresponds to the pressure necessary to isolate the 
length of the zone pressurized by the inflatable straddle packer tool.  Additionally, injection rate and 
fracture run time correspond to the injection flow-rate (i.e. volume of fluid injected) into the 
fracture throughout the period it is growing 
The equipment needed for carrying out preconditioning by hydraulic fractures consists of the 
following components: 
• equipment for storing and pumping the fracturing fluid, 
• pump for inflating the open-hole packers, 
• a treating line for carrying the fluid from the pump to the hole collar, 
• an injection string that is run into the hole to carry fluid to the packer interval, 
• instrumentation to record pressure and injection rate, and  
• an inflatable straddle packer tool.  
Figure 5.2 shows the hydraulic fracturing system implemented at Cadia East Lift 1. 
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Figure 5.2: Hydraulic preconditioning system at Cadia East project, Newcrest Mining Limited 
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 CONFINED BLASTING SYSTEM 5.4
Preconditioning by confined blasting is a process in which the sequence of interactions between 
adjacent detonation points and blastholes become linked through the interaction of stress waves. 
Therefore, the rock mass characteristic in the vicinity of the blast hole is altered by crushing and 
subsequent fracturing at both the macro and micro scale by means of interactions of these shock 
waves (Rossmanith et al. 1997, Uenishi and Rossmanith 1997, Kouzniak and Rossmanith 1998, 
Rossmanith and Kouzniak, 2004). 
Additionally, it is well known that increases in velocity of stress waves is indicative of 
improvement of the crushing and fracturing of rock mass volumes and, consequently, reduction of 
the in-situ mechanical rock mass properties (i.e. strength and stiffness).  This last point is the main 
goal of the confined blasting process and can be achieved with a commercial explosive of high 
detonation velocity and therefore higher detonation pressure (Chacon et al. 2002). 
In order to achieve this objective a number of explosive characteristic would need to be well known 
from previous measurements. These include velocity of detonation (VoD), explosive density, 
detonation pressure and borehole and explosion pressures.  Rock mass characterisation in terms of 
strength, dynamic properties (i.e. compression and shear wave velocities) as well as in-situ stress 
field condition would also be known at the site. Also, joints, faults and shear zones would have to 
be taken into account because the structural geology plays an important role in the interaction and 
propagation of the shock waves (e.g. wave decay). 
Typically, the confined blasting process should be set up with the following components: 
• up-hole drill equipment, 
• an anchor device which is placed at the toe of the hole, 
• a wire rope or lift line which is used to lift the breather tube and initiation system, 
• a string line that is run into the hole with all electronic detonation or initiation points (i.e. 
primers), 
• a pipe work system (i.e. emulsion pipe, initiation pipe, breather pipe and grout pipe and 
manifold) which is set up for grouting the stemming plug and explosive charge and,  
• an explosive charge loaded into the up-hole (e.g. emulsion) 
Figure 5.3 shows the typical preconditioning by confined blasting system that has been 
implemented at the Cadia East project, Newcrest Mining Limited. 
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Figure 5.3: Confined blasting system at Cadia East project, Newcrest Mining Limited 
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 INTENSIVE PRECONDITIONING PARAMETERS 5.5
5.5.1 Preconditioning by hydraulic fracturing 
The full hydraulic fracturing implementation program had two aims. The first was preconditioning 
of the cave footprint, the second was treatment of key infrastructure areas to promote stress 
redistribution specifically around the main crusher chambers. Following the full scale tests 
conducted at Cadia East and described Chapter 3, the following parameters were implemented: 
Table 5.1: Design guidelines for hydraulic fracturing implementation 
Breakdown pressure (Pb) 38-45 MPa 
Instantaneous shut-in pressure (ISIP) 18-22 MPa 
Fracture Run Time 30 minutes 
Fracture size major axis  45-65m (radius) 
Fracture size minor axis  25-30m (radius) 
Fracture spacing 
2.5m (single pass ) 
Less than 2.5m (double pass) 
Drill hole pattern Staggered 
Drill hole spacing EW (max axis) 80m 
Drill hole spacing NS (min axis) 60m 
Drill hole length 350m and 550m (downholes) 
Drill hole orientation  Dip 78⁰/ Dip Direction 203⁰ 
Based on the above guidelines, the full hydraulic fracturing implementation program was designed 
to cover the full height of each cave block. As such, hydraulic preconditioning excavations (i.e. 
hydraulic fracturing level) were designed on the top of block height design (i.e. 400m). These 
crosscuts drill chambers are designed at 60m intervals and in a staggered pattern between rows.  
Crosscuts have been located with 80m centre between them. Figure 5.4 shows the HF level layout 
as well as the drillhole distribution for the first block. 
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Figure 5.4: Configuration HF level and staggered drillhole pattern 
 
5.5.2 Preconditioning by confined blasting 
It should be noted that the initial configuration was updated from previous layouts used by Codelco 
Andina and more recently by El Teniente mine. Based on direct measurements (Chapter 3), as well 
as advanced numerical modelling (Chapter 4), the design parameters outlined in Table 5.2 were 
implemented for the confined blasting preconditioning stages. Figure 5.5 shows a schematic 
diagram of the implemented layout. 
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Table 5.2: Drilling and blasting parameters blast preconditioning holes 
Hole diameter 165mm 
Hole length 150m 
Charge length 130m 
Charge weight  ~3,285 Kg 
Density Emulsion  1.18 g/cm
3
 
VOD Emulsion  >5,500 m/s 
Stemming plug  20m 
Cure time of a special stemming plug 72hr  (minimum) 
Compression strength of the  
stemming plug 
50MPa (minimum) 
Location initiation points Every 8 m along the column of explosives 
Initiation time 
Every point in the column are started 
simultaneously 
  
 
Figure 5.5: Preconditioning by blasting drilling pattern 
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 FINAL IMPLEMENTATION 5.6
By December 2011 preconditioning by hydraulic fracturing at PC1-S1 had been completed. 
Twenty-one drillholes were drilled and 1,182 hydraulic fractures were created. With regard to the 
hydraulic fractures spacing, 761 hydraulic fractures were created at 1.5 m spacing between 350 m 
and 200 m depth below the borehole collar and 421 hydraulic fractures were created at 2.5 m 
spacing between 200 m and 50 m underneath the collar. The hydraulic fracturing program achieved 
90% of the planned program. 
Preconditioning by blasting program was started on October 2011 and continued until the later part 
of 2013. The program primarily focused on the area where the cave was initiated. After that, the 
program was extended to all footprint area. 
Figure 5.6 shows a general illustration of the intensive preconditioning program undertaken at 
Cadia East Lift 1. 
 
Figure 5.6: Intensive preconditioning application at the Cadia East Lift 1 panel cave project 
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 CONCLUSIONS 5.7
This Chapter documented the main design parameters associated with the implementation of 
Intensive Preconditioning at Cadia East Lift 1. This combined hydraulic fracturing and confined 
blasting systems with the aim to alter the geo-mechanical characteristics of the rock through 
introduction of additional fractures and the potential reduction of intact rock strength through 
confined blasting. 
The intensive preconditioning methodology included hydraulic fracturing with closely spaced 
fractures and blasting of fully confined blast holes charged with an emulsion product and initiated 
using electronic detonators. Specific equipment had to be developed and/or modified for the two 
processes. 
An evaluation and quantification of the impact of the intensive preconditioning program 
implemented at Cadia East Lift 1 is discussed in Chapter 6. The investigation includes analysis of 
field and laboratory tests from the Cadia East Lift 1 pre- and post-intensive preconditioning 
sampling program using a combination between uniaxial compression strength and acoustic 
emission; as well as a relative comparison of cave propagation behaviour in terms of induced-
mining seismicity and the draw rates from international sites after the author conducted a thorough 
benchmark study.  
 
  
 
 
 
 
 
 
CHAPTER 6  
 
Intensive Preconditioning Assessment 
 
This chapter discusses the results obtained from a series of analyses that were conducted to 
evaluate the performance of intensive preconditioning. The evaluation criteria involved the 
definition of micro damage stress thresholds of intact rock from uniaxial compression strength and 
acoustic emission monitoring. Caving performance at the macro scale was evaluated through a 
direct comparison of mining induced seismicity and draw rates during to the breakthrough process 
of operations that were part of the benchmarking study conducted by the author. 
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6.1 INTRODUCTION  
A combination of preconditioning by hydraulic fracturing and confined blasting referred to as 
intensive preconditioning has been implemented for the first time at a major panel caving 
operation.. The reasoning behind this application has been the potential to alter rock mass behaviour 
in a manner that could improve caving mechanics and overall performance. 
As part of this research, a comprehensive sampling and testing campaign was conducted before and 
after large scale intensive preconditioning. The data was analysed with the combined use of uniaxial 
compressive strength tests and acoustic emission monitoring. The aim was to define damage 
thresholds of intact rock. It is hypothesised that the limits of damage of the intact rock would be 
different for different levels of preconditioning. This would also influence the strength of intact 
rock and the rock mass. 
In addition, it has been demonstrated that operational data such as induced seismicity and draw rates 
can provide a good indication of the impact of different preconditioning techniques, including 
intensive preconditioning. As discussed earlier, a benchmark was carried out and data collected 
from a number of operations in Chile, South Africa and in Australia to conduct this analysis. 
6.2 ROCK MATERIAL DAMAGE ASSESSMENT USING ACOUSTIC 
EMISSION  
The uniaxial compressive strength of intact rock is one of the most common geotechnical tests 
performed to determine peak rock strength. The test corresponds to the axial stress that produces the 
failure of a cylindrical intact rock specimen under axisymmetric loading conditions and a confining 
stress equal to atmospheric pressure (i.e. without confinement). It is used to determine the uniaxial 
or unconfined compressive strength (UCS or σc) and the elastic constants, Young‟s modulus, E, and 
Poisson‟s ratio, ν, of the rock material (Ulusay and Hudson 2007).  
According to Brady and Brown (1993), results obtained in a uniaxial compression test on rock 
generally shows three phases before the peak strength is reached. The first phase is a crack closure 
process which is followed by a second phase of elastic deformation until an axial stress is reached 
(i.e. crack initiation, σci). This is when stable crack propagation is ongoing (σcd). Subsequently, the 
axial stress reaches a point of unstable crack growth and irrecoverable deformations commence. 
This process continues until the peak or uniaxial compressive strength is reached (σc).  
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 From laboratory compression tests, Martin (1997) determined three stress levels which represent 
important stages about the behaviour of intact rock strength in the development of the macroscopic 
failure process:  
 crack initiation (σci);  
 initiation of sliding (σcd) or long-term peak strength; and  
 maximum stress which for the unconfined case is the peak strength (σc).  
Laboratory results showed that the initiation of crack growth occurs between 0.3 and 0.4 times the 
peak strength (σc) and the initiation of failure by sliding along a macrocrack typically occurs at 
stress levels above 0.7 and 0.8 σc. 
It is recognised that in many instances the description of the rock failure process using only 
conventional stress and strain measurements is not sufficient, because the crack initiation and crack 
damage stages during uniaxial compression can be complex and difficult to detect. Acoustic 
emission (AE) monitoring provides a powerful tool for investigating brittle rock failure, because the 
failure process can be associated with acoustic emissions (AE). 
Acoustic emission (AE) has been widely used in rock mechanic studies and engineering 
applications because the initiation and damage process of a piece of rock can be identified (Ohnaka 
M 1983; Mansurov V 1994; Cai et al. 2004; Cai et al. 2007; Manthei and Eisenblätter 2008; Xie et 
al. 2011; Cheon et al. 2011). By correlating AE signals such as a graph of the count of events and 
energy rates or a graph of cumulative count events and energy with the stress-strain diagram, one is 
able to estimate the starting point of micro fractures during a uniaxial compression test. Studies 
have showed that AE has enough accuracy to monitor the crack behaviour and it can be used 
confidently (Boukharov et al. 1995; Rudajev et al. 2000; Moradian et al. 2010; Alker et al. 2014). 
Cai et al. 2004 proposed stress thresholds for crack initiation and crack damage of brittle rock 
which were obtained from uniaxial and triaxial compression tests using AE. In uniaxial 
compression, the crack initiation stress level for most rocks have been located in the range of 0.3 to 
0.5 times the peak strength (σc). Subsequently, a fracture combination commences at stress levels of 
approximately 0.7 to 0.8 σc (i.e. the long-term uniaxial strength of intact rock). Finally, macro-
cracks result after the peak strength is reached. 
Additional work was carried out by Zhao et al. 2013 in order to characterise stress damage through 
acoustic emission. The crack initiation stress (σci) and crack damage stress (i.e. long-term strength 
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σcd) during uniaxial compression occurred at an average stress level of 0.5 σc and 0.78 σc 
respectively. 
Based on the analyses of laboratory tests on intact rocks using AE monitoring data, crack initiation 
and damage initiation stress thresholds have been proposed to predict the start of intact rock 
damage. Table 6.1 summarises these findings in terms of these thresholds for crack initiation and 
damage stress respectively.  
Table 6.1: Damage stress thresholds from uniaxial compressive strength tests 
Reference 
Crack initiation stress 
(σci  / σc) 
Crack damage stress 
(σcd / σc) 
σci / σcd 
Martin (1997) 0.30 to 0.40 0.70 to 0.80 0.42 to 0.50 
Cai et al. 2004 0.38 to 0.50 0.75 to 0.80 0.52 to 0.61 
Zhao et al. 2013 0.45 to 0.50 0.70 to 0.80 0.60 to 0.65 
 
Figure 6.1 shows the correlation between crack initiation, σci, and crack damage, σcd, stress limits 
which have been normalised by uniaxial compressive strength or peak strength, σc. This correlation 
can be used to describe an envelope which identifies the onset of failure in a brittle intact rock. 
 
  
 
 
 
 
 
 
 
 
Figure 6.1: Correlation between crack initiation stress (σci) and crack propagation damage (σcd) 
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6.3 ASSESSMENT OF INTACT ROCK DAMAGE FROM INTENSIVE 
PRECONDITIONING  
Intact rock strength and stress thresholds for crack initiation and crack damage of brittle rock have 
been assessed by means of core samples which were collected during the intensive preconditioning 
drilling. Holes were drilled before and after all stages of preconditioning and core samples sent to a 
laboratory for uniaxial compressive strength tests using acoustic emission monitoring. Information 
such as crack initiation stress, crack damage stress, uniaxial peak strength and cumulative count AE 
events was collected from these tests. 
This assessment process was undertaken a) before hydraulic fracturing (i.e. in-situ condition); b) 
after hydraulic fracturing or before confined blasting and c) after confined blasting.  
Figure 6.2 shows the actual location of samples taken from the testing area.  
To evaluate in detail the intact rock failure process, four stages or damage thresholds have been 
defined in this particular analysis:  
1) crack initiation damage stress, i.e. stage of elastic deformation until an axial stress is reached 
and AE events have been initiated, σid 
2) crack propagation damage stress, i.e. stable crack propagation is initiated and AE events are 
slightly increased, σpd 
3) crack massive damage stress, i.e. unstable crack growth and AE events are intensified (onset of 
failure), σmd. 
4)  peak or uniaxial compressive strength is reached and characterised by a massive and rapidly 
increasing AE events rate (failure of sample), σc  
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Figure 6.2: Location of intact rock samples used for preconditioning assessment 
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Figure 6.3 shows an example of stress–strain curve associated with AE hit characteristics showing 
different deformation stages of the intact core sample in uniaxial compression, and a zoomed-in 
relationship between AE hit count and axial stress for identifying crack initiation, crack propagation 
and crack massive damage stresses. 3D locations of accumulated AE events were used to visualize 
the gradual formation cracks.  
Once all different thresholds were obtained for each sample, and for each preconditioning stage, 
box and whisker plots were collated and statistical trends associated with 25
th
 and 75
th
 percentile 
were defined to establish damage thresholds.  
The idea behind these normalised damage thresholds is to define a damage criterion which may 
indicate the degree of disturbance of a rock mass (e.g. confined blasting disturbed zones, Onederra 
et al. 2013b). This is different from the adjustment of rock mass or intact rock strength (i.e. in situ 
condition) to model failure mechanisms. The degree of disturbance in this case, is not only 
associated with macro fracturing but also with the potential for micro fractures that initiate through 
the interaction of stresses (e.g. preconditioning by confined blasting).  
A comparison between disturbed and undisturbed intact rock cannot be purely based on statistics 
associated with peak strength. This is the reason why the normalised damage thresholds are used 
given that in cave initiation and propagation mechanisms, we are interested in identifying 
differences in the initiation of fracture and the onset of failure. In this particular research, this refers 
to comparing the condition of a rock material without preconditioning and a rock material with 
intensive preconditioning. 
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Figure 6.3: Example stress–strain curve associated with AE hit for a rock sample tested in uniaxial compression and 3D locations of 
accumulated AE events  
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6.3.1 Intact rock strength assessment of situ condition (before hydraulic fracturing) 
Before preconditioning by hydraulic-fracturing, five drillholes for a total of 73 samples were 
prepared and tested, 38 UCS tests with AE events were confirmed as reliable. The rest of the tests 
were discarded because their failure was developed through pre-existing joints. Details on the UCS 
with AE tests and estimation of the crack initiation damage stress (σid); crack propagation damage 
stress (σpd); crack massive damage stress (σmd) and peak strength (σc) can be found in Appendix A. 
Figure 6.4 shows results of the statistical analysis describing the relationship between the different 
damage thresholds described earlier. The correlation between σid/σc and σpd/σc increases slightly and 
on average both limits occur approximately at 0.45 times σc. In contrast, the crack massive damage 
stress is closer to the peak or maximum uniaxial strength, i.e. at an average of 0.92 times σc. 
 
  
 
 
 
 
 
 
 
Figure 6.4: Summary of statistical analysis showing the range of normalised damage thresholds for 
samples before preconditioning by hydraulic fracturing (in situ case) 
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Figure 6.5 shows the distribution of these results and their correlations between the different 
damage limits which have been normalised by uniaxial compressive strength, σc. 
These results are consistent with the numbers published by Cai et al. 2004 and Zhao et al. 2013 in 
terms of crack initiation and propagation stress thresholds. Later, these correlations are used as a 
base case in order to compare the intact rock strength behaviour and damage boundaries, after 
preconditioning by hydraulic fracturing and confined blasting, that is, after intensive 
preconditioning.  
6.3.2 Intact rock strength assessment after preconditioning by hydraulic fracturing 
After the completion of the hydraulic fracturing tests, one drillhole was drilled and a total of 33 
samples were prepared and tested, 24 UCS tests with AE events were confirmed as reliable. Details 
on the UCS with AE tests and estimation of the crack initiation damage stress (σid); crack 
propagation damage stress (σpd); crack massive damage stress (σmd) and uniaxial compressive 
strength (σc) can be found in Appendix B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5: Correlation between normalised damage thresholds for samples before preconditioning 
by hydraulic fracturing 
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Figure 6.6 shows results of the statistical analysis describing the relationship between the different 
damage thresholds for the condition after preconditioning by hydraulic fracturing. The correlation 
between initiation and propagation damage shows a relative increase. This increase on the σpd/σc 
ratio may be attributed to an early release of strain energy during the preconditioning process which 
may delay the AE events. Regarding crack massive damage stress, there is not clear evidence that 
the intact rock strength has been reduced and crack massive damage stress is initiated near the 
uniaxial compression strength, i.e. 0.93 times σc. 
Figure 6.7 shows the distribution of these results and their correlations between the different 
normalised damage limits after preconditioning by hydraulic fracturing. The in situ envelopes are 
also shown for comparative purposes. As can be seen on this figure, there is a clear shift in the 
behaviour of samples under uniaxial stress. The normalised damage stress threshold boundaries 
between σpd/σc and σid/σc are above the in situ condition (i.e. blue dash line). On the other hand, the 
normalised damage stress threshold between σmd/σc and σid/σc is below the in situ condition (i.e. red 
dash line). This gives an indication that the peak uniaxial strength has slightly decreased.  
Even though a clear difference is identified between pre and post hydraulic fracturing, it is difficult 
to quantify with certainty the degree of damage after hydraulic fracturing. This is not necessarily an 
unexpected result, as the hydraulic fracturing process would induce an effect at the rock mass scale 
rather than the intact rock material scale.  
 
 
 
 
 
 
 
 
 
 
Figure 6.6: Summary of statistical analysis showing the range of normalised damage thresholds for 
samples after preconditioning by hydraulic fracturing  
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6.3.3 Intact rock strength assessment after preconditioning by confined blasting 
After the completion of the preconditioning by confined blasting process, three drillholes were 
drilled and a total of 61 samples were prepared and tested, 33 UCS tests with AE events were 
confirmed as reliable. Details on the UCS with AE tests and estimation of the crack initiation 
damage stress (σid); crack propagation damage stress (σpd); crack massive damage stress (σmd) and 
uniaxial compressive (σc) can be found in Appendix C.  
Figure 6.8 shows results of the statistical analysis describing the relationship between the different 
damage thresholds for the condition after preconditioning by confined blasting. 
The correlation between initiation and propagation damage shows a relatively insignificant increase. 
However, looking at the normalised massive damage stress threshold, there is evidence that the 
intact rock strength has decreased. It shows that statistically, crack massive damage stress is 
initiated approximately 0.86 times below the peak strength, (i.e. 0.86 times σc.). In other words, the 
damage threshold prior to failure or before reaching peak strength is different and statistically lower 
than the in situ condition (without preconditioning). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7: Correlation between normalised damage thresholds for samples after preconditioning 
by hydraulic fracturing 
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Figure 6.9 shows the distribution of these results and their correlations between the different 
normalised damage limits after preconditioning by confined blasting.  
As can be seen, there are marked differences between the damage stress boundaries for massive and 
initiation damage (σmd/σc and σid/σc). The analysis shows that there is a reduction in the peak 
strength. It is hypothesised that induced micro fractures may have contributed to this change in 
behaviour and the expected reduction of intact rock strength. The correlation between σpd/σc and 
σid/σc does not show a significant shift from the in situ condition with regards to crack initiation and 
crack propagation damage boundaries.  
 
 
 
 
 
 
 
 
 
 
Figure 6.8: Statistical analysis of normalised damage thresholds for samples post preconditioning 
by confined blasting 
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6.3.4 Summary of analysis of damage stress thresholds  
A statistical evaluation illustrates that between in situ and post hydraulic fracturing preconditioning 
the initiation of damage occurs almost at the same stress levels. During damage propagation, the 
behaviour of samples also remains comparable. As a result, there is not clear evidence that 
preconditioning by hydraulic fracturing can reduce intact rock strength. This is not necessarily an 
unexpected result, as the hydraulic fracturing process is expected to have a more significant impact 
at the rock mass scale rather than the intact rock material scale 
With regards to preconditioning by confined blasting (i.e. after intensive preconditioning). Results 
indicate that damage thresholds prior to failure are different from the in situ condition. These values 
are statistically lower and showed the potential of a disturbed zone characterised by micro 
fracturing similar to that indicated by Onederra et al. 2013b. The analysis shows that when 
compared to the in situ condition, the onset of massive damage prior to failure is occurring at lower 
axial stress indicating samples that have been altered. A summary of all of the calculated thresholds 
for the different preconditioning stages is given in Table 6.2  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.9: Correlation between normalised damage thresholds for samples post to preconditioning 
by confined blasting 
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Table 6.2: Damage stress thresholds from uniaxial compressive strength tests 
Condition stress In situ 
Post  
Hydraulic fracturing 
Post  
Confined Blasting 
Initiation damage 
σid  / σc 
0.32 to 0.53 0.36 to 0.52 0.27 to 0.41 
Propagation damage 
σpd / σc 
0.38 to 0.57 0.44 to 0.67 0.38 to 0.50 
Massive damage 
σmd / σc 
0.87 to 0.96 0.78 to 0.96 0.73 to 0.89 
 
6.4 ASSESSMENT OF CAVING BEHAVIOUR USING MICROSEISMICITY  
Araneda and Sougarret (2007) and Molina et al. (2008) illustrated assessment of preconditioning by 
hydraulic fracturing through microseismicity. These evaluations were performed at El Teniente 
Mine in areas mined with the panel caving method, during caving commissioning and until 
breakthrough. The widely known Gutenberg-Richter relationship G-R (Gutenberg and Richter, 
1944) was used for these evaluations. Seismicity parameters were contrasted between zones without 
preconditioning or historic records of areas where preconditioning was not applied and zones where 
hydraulic fracturing was applied.  
In general terms, the assessment indicated that hydraulic fracturing reduced the maximum 
magnitude of seismic events (i.e. high magnitude events) and increased the frequency of smaller 
magnitudes of microseismicity (i.e. low magnitude events). This mining-induced seismicity is 
considered to be favourable because during undercutting, cave initiation and cave propagation the 
microseismicity is mainly associated with the seismogenic or fracturing zone (Duplanic and Brady, 
1999). The more intense mining induced seismicity (e.g. rockbursts) was not detected.  
As part of this research, an evaluation of the induced-mining seismicity is performed through a 
comparison of different preconditioning applications in block and panel caving operations that were 
part of the benchmark study. These operations are directly compared to the information obtained 
after intensive preconditioning was implemented at the Cadia East Lift 1 panel cave (see Chapter 5). 
The Gutenberg-Richter (G-R) correlation is used in order to assess the records of microseismicity 
during the cave initiation and cave propagation during the breakthrough process. Results of this 
assessment are discussed in the following sections. 
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6.4.1 Seismic behaviour at the Cadia East Lift 1 panel cave 
Records of induced-mining seismicity during the caving process are shown in Figure 6.10. This 
chart also specifies the mining activity in terms of production rates and seismicity until cave 
propagation achieved the design block height of 400m. Note that this height was not to 
breakthrough (connection with a mined area or surface), which makes it a more unfavourable 
condition than the experiences from all block and panel caves surveyed in the benchmarking study 
conducted by the author.  
According to these data, the average cave propagation rate can be estimated to be approximately 
538 mm/day until the cave back reached the block height design. Seismicity records are also 
summarised in Table 6.3. 
 
 
 
Figure 6.10: Seismicity and mining activity during cave propagation at Cadia East panel caving  
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Table 6.3: Summary mining seismicity at Cadia East during cave propagation 
Total number of events 12,741 events 
Monthly average events 514 events/month 
Maximum ML 1.6 
Minimum ML -1.5 
N° events ML ≤ 0 12,482 (98%) 
N° events ML > 0 252 (2%) 
b-value 1.12 
 
A frequency-magnitude analysis has been conducted using the Gutenberg-Richter (G-R) 
correlation. Figure 6.11 shows the G-R curve and the seismic behaviour during the caving 
propagation process at Cadia East. The largest seismic event recorded was a local magnitude 2.7 
and the b-value for this population of events was 1.07. According to Hudyna and Potvin (2008) b-
values of about 1.1 are typical values for large multi-mechanism population of events which may be 
interpreted as a homogeneous release of energy into all of the preconditioning volume.  
Results from this analysis are used as the base case, (i.e. overall seismicity trend) for a fully 
confined block where intensive preconditioning has been applied. 
 
Figure 6.11: Frequency-magnitude relation for seismic data at the Cadia East panel caving 
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6.4.2 Seismic behaviour at the Ridgeway Deep block cave 
Ridgeway Deeps Gold Mine is located approximately 25km south east of Orange, New South 
Wales, Australia and it is part of Newcrest Mining Limited‟s Cadia Valley Operations. The 
preferred extraction level layout for the Ridgeway Deeps (RWD) block cave was offset herringbone 
and the undercutting strategy was advanced with a “crinkle cut” configuration (Dunstan and Popa 
2012). The breakthrough was developed through an exhausted Sublevel Caving area, defining a 
block height of about 210m. Details of the RWD block cave are found in Dunstan and Popa (2008). 
Preconditioning by hydraulic fracturing was also applied to the RWD ore body between November 
2007 and March 2009. This program was focused in the more competent rock mass because it was 
identified that there could be a potential for cave propagation rates being slower (i.e. volcanic 
lithology at East Block). Figure 6.12 shows the details of the hydraulic fracturing preconditioning 
zone within the block at RWD. 
 
Figure 6.12: RWD block caving and preconditioning by hydraulic fracturing plan 
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Table 6.4 provides a brief summary of microseismicity during this process. According to the 
collected information, the average cave propagation was approximately 345 mm/day, during the 
breakthrough towards an exploited area (i.e. Sub Level Caving). 
Table 6.4: Summary mining seismicity at RWD during the breakthrough  
Total number of events 241,435 events 
Monthly average events 11,913 events/month 
Maximum ML 2.3 
Minimum ML -1.5 
N° events ML ≤ 0 240,815 (99%) 
N° events ML > 0 620 (1%) 
b-value 1.11 
The frequency-magnitude distribution is shown in Figure 6.13. The analysis indicated that the b-
value for this population of events is 1.09 which shows an overall seismic behaviour magnitude 
comparable to that of Cadia East. However, the frequency of induced seismicity was remarkably 
higher than Cadia East. As shown, the G-R for Ridgeway Deeps is above that of Cadia East (i.e. 
base case). This shows that the resulting mining-induced seismicity from intensive preconditioning 
is more favourable. This is particularly reinforced by the difference in the cumulative number of 
events of magnitude greater than 1.0.  In addition, the RWD block connected to an already 
exploited area (SLC mining) and it was not in a confined condition such as the Cadia East panel. 
 
Figure 6.13: Frequency-magnitude relation for seismic data at RWD block caving 
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6.4.3 Seismic behaviour at Block 1, Esmeralda area at El Teniente Mine, Chile 
Block 1 was a new exploitation strategy designed at the Esmeralda area of El Teniente after several 
collapses occurred in 2010. Currently, Block 1 is a panel caving in progress with an active 
exploitation area of about 43,000 m
2
. This block was considered as an independent area, away from 
the old Esmeralda cavity and where a conventional panel caving was applied. The undercutting was 
carried out using a post undercut strategy with preconditioning by hydraulic fracturing. The 
breakthrough is being developed through of an exhausted exploited area (i.e. Ten-4), defining a 
block height of approximately 160 m. Details of Block 1 at Esmeralda Mine are found in Orellana 
et al. 2014. 
Preconditioning by hydraulic fracturing was applied through up holes of 100m in length which were 
drilled from the undercut level before the start of the cave initiation. Figure 6.14 illustrates the 
 
Figure 6.14: Location and preconditioning diagram of Block 1 in the Esmeralda area 
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location of this mining area. From the collected information, the average cave propagation rate was 
of the order of 355 mm/day, during the breakthrough towards the exhausted Ten 4 area. 
The seismicity as well as the production information during the breakthrough process is given in 
Figure 6.15. Table 6.5 provides a brief summary of microseismicity during this process. 
Table 6.5: Summary mining seismicity at Block 1 during the breakthrough  
Total number of events 26,159 events 
Monthly average events 1,685 events/month 
Maximum ML 1.7 
Minimum ML -1.5 
N° events ML ≤ 0 25,721 (98%) 
N° events ML > 0 438 (2%) 
b-value 1.46 
 
Figure 6.15: Seismicity and mining activity progress during of the breakthrough at Block 1, 
Esmeralda area, El Teniente Mine  
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The frequency-magnitude distribution is shown in Figure 6.16. The analysis indicated that the 
frequency of induced seismicity was higher than Cadia East for lower magnitude values between -
1.5 and 0. This is shown by the curve being above the Cadia East base case. The G-R curve for 
higher magnitudes (i.e. ML > 0) is comparable to the Cadia East behaviour.  These results show that 
mining induced seismicity is more favourable at Cadia East, even when the Esmeralda block 1 was 
underneath an exploited area.  
6.4.4 Seismic behaviour at Block 2, Esmeralda area at El Teniente Mine, Chile 
Blocks 2 is part of the same exploitation strategy designed at the Esmeralda area where several 
collapses occurred in 2010. As has been described previously, Block 2 is an independent area where 
conventional panel caving was applied.  Post undercutting was used, the block height was 160m and 
the breakthrough was developed through of an exhausted exploited area (i.e. Ten-4). The active 
exploitation area was approximately 41,000 m
2
 (See Figure 6.14). Details of Block 2 at Esmeralda 
Mine are found in Orellana et al. 2014. 
Before the cave initiation started, preconditioning by hydraulic fracturing was applied from the 
undercut level and up holes of 100m in length. According to the information provided, the average 
cave propagation rate was estimated to be of the order of 328 mm/day before the cave back reached 
the exhausted Ten 4 area. 
 
Figure 6.16: Frequency-magnitude relation for seismic data at Block 1, Esmeralda sector, El 
Teniente Mine 
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The seismicity as well as the production information during the breakthrough process is presented 
in Figure 6.17.Table 6.6 provides a brief summary of microseismicity during this process. 
Table 6.6: Summary mining seismicity at Block 2 during the breakthrough  
Total number of events 9,487 events 
Monthly average events 548 events/month 
Maximum ML 1.9 
Minimum ML -1.5 
N° events ML ≤ 0 9,285 (97%) 
N° events ML > 0 202 (3%) 
b-value 1.17 
Figure 6.18 displays the frequency-magnitude distribution of Block 2. This analyses indicated that 
the induced seismicity was relatively higher than Cadia East for lower magnitudes, e.g. ML < -0.5 
and higher magnitudes, e.g. ML > 1. However, magnitudes between 0 and 1, the seismicity data 
show a seemingly better seismic behaviour than Cadia East.  
 
Figure 6.17: Seismicity and mining activity progress during of the breakthrough at Block 2, 
Esmeralda sector, El Teniente Mine  
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It should be noted that for magnitudes with ML > 1 is considered less favourable because the 
frequency of seismic events is larger than Cadia East (i.e. G-R curve above base case).  Even 
though the seismic behaviour appears to be similar, it is important to note that block 2 connected to 
an already exploited area, 160 m above (Ten 4) and it was not in a fully confined condition such as 
the Cadia East panel. 
6.4.5 Seismic behaviour at Diablo-Regimiento (DR) sector at El Teniente Mine, Chile 
Diablo Regimiento was the first area where preconditioning by hydraulic fracturing was utilised at 
El Teniente mine. Normally, the cave is initiated through one exhausted area in order to avoid 
difficulties associated with cave initiation and cave propagation and thus reduce issues with induced 
stresses and mining seismicity. This application was however performed in an in situ zone where 
the cave initiation did not have a free-face, (i.e. absence of an exhausted area). Panel caving was 
applied and advance undercutting was used for a block height of 143m. The preconditioning area 
was approximately 10,200 m
2
. Downholes were drilled and hydraulic fractures were completed on 6 
holes which were developed to 1.5 m spacing  
The undercutting was initiated in June 2005 after the hydraulic fracturing process was completed 
(i.e. between February and March 2005). Production started in September 2005 and the 
breakthrough was informed on July 2006 (Araneda et al. 2007). According to the information 
 
Figure 6.18: Frequency-magnitude relation for seismic data at Block 2, Esmeralda sector, El 
Teniente Mine 
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provided, the average cave propagation rate was estimated to be approximately 415 mm/day before 
the cave back reached the exhausted area. 
Figure 6.19 shows the area preconditioned at the Diablo Regimiento sector. Araneda et al. 2008 
provides additional information. 
The mining-induced seismicity as well as the production rates during the breakthrough process are 
presented in Figure 6.20. Table 6.7 provides a brief summary of microseismicity. 
Table 6.7: Summary mining seismicity at DR sector during the breakthrough  
Total number of events 4,172  events 
Monthly average events 19 events/month 
Maximum ML 1.4 
Minimum ML -1.5 
N° events ML ≤ 0 3,814 (91%) 
N° events ML > 0 358 (9%) 
b-value 1.56 
 
 
Figure 6.19: Diablo Regimiento sector at El Teniente Mine. 
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With regards to the frequency-magnitude distribution shown in Figure 6.21, analysis indicated that 
the induced seismicity frequency was slightly higher than Cadia East for magnitudes ML < 0.5. For 
ML > 0.5, the seismicity presents a better seismic behaviour in terms of the frequency and also, the 
maximum magnitude recorded is lower than Cadia East. In general, Diablo Regimiento shows 
results of induced seismicity post hydraulic fracturing that are satisfactory. In this case 
approximately 9% of seismic events are above ML > 0 in contrast to Cadia East, where only 2% of 
seismic events are greater than ML > 0.  Even though the seismic behaviour is comparable, it is 
important to note that Diablo Regimiento connected to an already exploited area, 140 m above, and 
it was not in a fully confined condition such as the Cadia East panel. 
 
 
Figure 6.20: Seismicity and production rate during of the breakthrough at Diablo Regimiento 
sector at El Teniente Mine  
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6.4.6 Seismic behaviour at the Esmeralda area at El Teniente Mine (without 
preconditioning) 
The Esmeralda area started its production during the second semester of 1997. At that date, any 
preconditioning technique was not employed in block or panel caving methods. Esmeralda is a case 
study where preconditioning was not applied and its information in terms of mining-induced 
seismicity and draw rates are directly compared to Cadia East, where intensive preconditioning was 
implemented. 
The Esmeralda area has been described by several authors such as Barraza and Crorkan (2000), 
Rojas et al. (2000). In general terms, panel caving was applied with a pre-undercut as undercutting 
strategy. The average block height was approximately 145 m., the breakthrough was progressed to 
an exhausted area (i.e. Ten 4). The main characteristic of Esmeralda was its undercutting approach, 
because it was the first time that pre-undercutting was used in a panel cave. Its main objective was 
to improve the distribution of induced stresses at the extraction level when compared to the 
condition found in conventional post undercutting. The idea was to minimise changes in the 
tensional state of excavation during the production process. Figure 6.22 shows a plan view of the 
Esmeralda area and Barraza and Crorkan (2000) provides additional information. 
 
Figure 6.21: Frequency-magnitude relation for induced seismicity at Diablo Regimiento sector, El 
Teniente Mine 
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Undercutting started half way through 1997 and the breakthrough was reported approximately in 
July of 2000. According to the information provided, the average cave propagation rate was 
estimated to be approximately 120 to 135 mm/day before the cave back reached the exhausted area. 
Regarding the mining-induced seismicity and the production rates during the breakthrough process, 
the information is presented in Figure 6.23 and summarised in Table 6.8. 
Table 6.8: Summary mining seismicity at Esmeralda sector during the breakthrough  
Total number of events 15,764 events 
Monthly average events 435 events/month 
Maximum ML 2.1 
Minimum ML -1.2 
N° events ML ≤ 0 12,833 (81%) 
N° events ML > 0 2,931 (19%) 
b-value 1.64 
 
 
Figure 6.22: Esmeralda sector at El Teniente Mine 
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The frequency-magnitude distribution at the Esmeralda area and Cadia East are given in Figure 
6.24. The results clearly showed that the mining-induced seismicity frequency during the 
breakthrough process was significantly higher than Cadia East, and thus less favourable. The data 
shows that seismicity at Esmeralda was more intense and with higher magnitudes.  
 
Figure 6.23: Seismicity and production rate during the breakthrough at Esmeralda sector at El 
Teniente Mine  
Chapter 6. Intensive preconditioning assessment 
 
170 
6.4.7 Seismic behaviour at Palabora Mine, South Africa (without preconditioning) 
Palabora Mine, Lift 1 used block caving as the underground mining method with an advanced 
undercut (Calder et al. 2000). The undercut level was mined at an elevation of 1200m below surface 
and approximately 460 m below the ultimate pit bottom level. The undercut started through a 
central slot drive and four front caves were advanced simultaneously. The advanced undercut 
method was developed ahead of opening the drawbells to provide a „stress shadow‟ and protect the 
extraction level. The extraction level was developed using the offset herringbone layout. Figure 
6.25 shows a plan and isometric view of the Palabora underground mine and (Calder et al. 2000). 
provides additional information. 
As in the case of Esmeralda previously discussed, Palabora mine did not use any preconditioning 
technique and thus can be used as a case study to make relative comparisons with Cadia East and its 
seismicity during the breakthrough process. 
 
Figure 6.24: Frequency-magnitude relation for induced seismicity at Esmeralda sector, El 
Teniente Mine 
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Palabora mine started undercutting during the second quarter of 2001 and the breakthrough was 
reported at the end of the third quarter of 2004 (Glazer 2007, 2010). According to the information 
provided, the average cave propagation rate was estimated to be approximately 35 to 50 mm/day 
before the cave back reached the bottom of the open pit. 
Regarding the induce-mining seismicity and the production rates during the breakthrough process, 
the information is presented in Figure 6.26 and summarised in Table 6.9. 
Table 6.9: Summary mining seismicity at Palabora Mine during the breakthrough  
Total number of events 51,704 events 
Monthly average events 105 events/month 
Maximum ML 2.0 
Minimum ML -1.5 
N° events ML ≤ 0 44,590 (86%) 
N° events ML > 0 7,114 (14%) 
b-value 1.71 
 
 
  
 
Figure 6.25: Palabora Underground Mine 
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Analyses of frequency-magnitude distribution at Palabora Mine clearly indicated that the mining 
induced seismicity frequency during the breakthrough process was significantly higher than Cadia 
East. The frequency of seismic events was markedly superior as well as the maximum magnitude. 
The G-R curve at Palabora Mine when compared to Cadia East demonstrates this less favourable 
behaviour (see Figure 6.27). These two cases are directly comparable given the depth of block and 
confining condition.  
  
 
Figure 6.26: Seismicity and production rate during the breakthrough at Palabora Mine 
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6.4.8 Summary of seismic behaviour comparison 
Figure 6.28 and 6.29 summarise the results of induced-mining seismicity for caving operations 
which were part of the preconditioning benchmarking study conducted by the author. Information 
from four block/panel caves where preconditioning techniques were applied have been analysed. In 
addition two case studies where used to compare intensive preconditioning with blocks where no 
preconditioning technique was applied. 
According to these results and in terms of event frequency and magnitude, a rock mass without 
preconditioning presents an induced-mining seismicity condition which is less favourable than a 
rock mass with intensive preconditioning  (Figure 6.28). G-R analysis shows that curves without 
any preconditioning technique are above the base case (i.e. Cadia East intensive preconditioning). 
This means that for blocks without preconditioning, seismic events are expected to be more regular, 
numerous and their magnitudes higher than in the case where intensive preconditioning is applied.  
With regards to the behaviour of a rock mass with one preconditioning technique, (i.e. hydraulic 
fracturing or confined blasting), the relative comparison shows that intensive preconditioning 
produces a much more favourable condition in the majority of cases (Figure 6.29). There are cases 
where the behaviour can be classified as similar, however it is evident that intensive 
preconditioning   reduced the high magnitude of seismic events as well as diminish considerably the 
frequency of the seismicity. The results indicate that intensive preconditioning achieves beneficial 
 
Figure 6.27: Frequency-magnitude relation for induced seismicity at Palabora Mine 
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outcomes in terms of seismicity management. In addition it is important to note that this is also 
achieved in a condition where the block is fully confined and at depth. 
 
Figure 6.28: Summary frequency-magnitude for induced-mining seismicity without 
preconditioning 
 
Figure 6.29: Summary frequency-magnitude for induced-mining seismicity with preconditioning 
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6.5 COMPARISON OF CAVING PERFORMANCE USING DRAW RATES 
As part of this research work, caving performance was also evaluated through the amount and 
frequency at which broken ore was loaded and removed from the cave, this is generally referred to 
as draw rate. This rate is defined as the ratio at which caved ore is drawn from individual 
drawpoints or from a group of adjacent drawpoints. It is expressed as drawdown per unit time (e.g. 
mm/day), or tonnes drawn per unit time from a unit area (e.g. tonnes per day/m
2
). Correlations can 
be established between draw rates and caving rates, and thus to evaluate the amount at which 
natural caving may growth and finally to quantify caving performance. 
From the benchmarking data acquired by the author, a comparative analysis was carried out for 
draw rates recorded during caving until the breakthrough process. In this case, a relative comparison 
is carried out with the ratio tonnes/day-m
2
 because it correlates well to daily production rates 
(tonnes/day) for a given influence area (m
2
) of individual drawpoints. The analysis and evaluation 
process consisted of the following: 
 Tonnage drawn per day from individual drawpoints were collected, i.e. ton/day 
 From the extraction layout the drawpoint  influence area was defined, i.e. m2 
 Draw rates from individual drawpoints were calculated, i.e. tonnes/day-m2 
 Heights of draw were determined for each drawpoint daily. 
 Statistical analysis was performed in order to define the more representative draw rate curve of 
each block and panel cave. Data were considered between 25
th
 and 75
th
 percentile of the 
population.  
 Analyses were performed for different height of extraction and their respective draw rates were 
determined. 
 Draw rates versus height of extraction were plotted and a relative comparison conducted 
between the draw rates curves for all cases. 
The above process was not trivial as most extraction layouts consisted of several drawpoints. For 
example calculation carried out at Esmeralda included over 200 drawpoints. 
Figure 6.30 and 6.31 give a summary of draw rates achieved by Cadia East compared against blocks 
without preconditioning and blocks with a form of preconditioning.  In the case of intensive 
preconditioning, the draw rates are documented until cave propagation reached the design block 
height of 400m. For the Cadia East case, both lower (i.e. average curve) and upper levels (i.e. 75
th
 
percentile curve) were determined and plotted.  For the other operations only the 75
th
 percentile 
curve is plotted, which refers to the optimistic case. 
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With regards to draw rates without preconditioning (see Figure 6.30), Cadia East shows a draw 
process during caving and to breakthrough much more favourable than Palabora and the Esmeralda 
mines. Draw rates are between 10% and 15% higher in relative terms. Interestingly, draw rates are 
shown to be 25% higher than block / panel caving without preconditioning. This can provide a 
significant advantage in terms of productivity during ramp up.  
With respect to case studies with preconditioning (see Figure 6.31), intensive preconditioning 
results reached draw rate values 15% to 28% higher than block and panel caving with 
preconditioning. Again, it is interesting to note that draw rates can be up to 38% higher.   
In general terms, intensive preconditioning appears to accomplish better draw rates during its 
breakthrough process (i.e. up to 400m). Additionally, data indirectly indicates that cave initiation 
started with better production rates and so, cave propagation was faster when compare to blocks and 
panels from other operations. It is also important to note that this improved performance is achieved 
in a fully confined panel at depths relatively greater than most block and panel caving operations. 
 
 
 
Figure 6.30: Cadia East draw rates during the cave propagation up to 400m (block height) and 
Block/Panel caving without preconditioning 
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6.6 CONCLUSIONS 
From the work conducted and described in Chapter 6, there was no clear evidence that 
preconditioning by hydraulic fracturing can reduce intact rock strength. This is not necessarily an 
unexpected result, as the hydraulic fracturing process is expected to have a more significant impact 
at the rock mass scale rather than the intact rock material scale. 
After preconditioning by confined blasting (i.e. after intensive preconditioning), the results 
indicated that damage thresholds prior to failure are different from the in situ condition. These 
values are statistically lower and showed the potential of a disturbed zone that can be characterised 
by micro fracturing. The analysis showed that when compared to the in situ condition, the onset of 
massive damage (i.e. σmd) prior to failure is occurring at lower axial stress, indicating that intact 
rock has been altered. Further work is required to validate the extent of this effect in relation to 
disturbed zones thresholds. 
With regards to the assessment of caving behaviour using microseismicity, a rock mass without 
preconditioning presents an induced-mining seismicity behaviour that is less favourable than a rock 
 
Figure 6.31: Cadia East draw rates during the cave propagation up to 400m (block height) and 
Block/Panel caving with preconditioning 
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mass with intensive preconditioning. Gutenberg and Richter (G-R) analysis showed that curves 
without any preconditioning technique are above the base case (i.e. Cadia East intensive 
preconditioning), meaning that for blocks at depth without preconditioning, seismic events are 
expected to be more regular, numerous and their magnitudes higher than in the case where intensive 
preconditioning is applied. 
A rock mass with either preconditioning technique, (i.e. hydraulic fracturing or confined blasting), 
the relative comparison shows that intensive preconditioning produces a much more favourable 
condition in the majority of cases. There are however cases where the behaviour can be classified as 
similar, nevertheless it is evident that intensive preconditioning reduced the high magnitude of 
seismic events as well as diminished considerably the frequency of the seismicity.  
Overall results indicated that intensive preconditioning achieves beneficial outcomes in terms of 
seismicity management. In addition, it is important to note that this is also achieved in a condition 
where the block is fully confined and at depth. 
Draw rate data showed that Cadia East had a draw process during caving to breakthrough much 
more favourable than Palabora and Esmeralda mine, where no preconditioning was applied. Draw 
rates were between 10% and 15% higher at Cadia East in relative terms than blocks without 
preconditioning. The largest difference was shown to be approximately 25%.  
When compared to operations with at least one form of preconditioning, draw rate data showed that 
intensive preconditioning can still achieve higher draw rates of the order of 15% to 28%, with 
differences of up to 38% in relative terms. 
Overall, intensive preconditioning appears to accomplish better draw rates during its breakthrough 
process (i.e. up to 400m). It is also important to note that this improvement in performance is 
achieved in a confined condition and at depths relatively greater than most block and panel caving 
operations. Additionally, data indirectly indicates that cave initiation and propagation was faster 
when compared to blocks and panels from other operations. This can provide a significant 
advantage in terms of productivity during ramp up. Further work is required to correlate draw rates, 
cave propagation and mining induced seismicity to assess caving rates. 
 
 
  
 
 
 
 
 
 
 
 
CHAPTER 7  
Conclusions and Future Work 
 
 
The chapter presents the main conclusions of the research and provides recommendations for 
future work in this field. 
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 INTRODUCTION 7.1
The research work carried out as part of this thesis comprised the following: justification of the 
overall research, comprehensive literature review on current preconditioning methods in cave 
mining, controlled tests to define key design parameters, advanced modelling to better understand 
the impact of confined blasting, implementation of intensive preconditioning and finally assessment 
of intensive preconditioning performance. From this research the following is concluded: 
Literature Review 
The conditions where caving methods are now being applied require conditioning of the rock mass 
to enhance the caving process. Some of the conventional methods which include hydraulic 
fracturing and confined blasting may not be adequate to effectively condition the rock mass to 
mitigate risks associated with cave initiation, propagation and general safety. This is particularly 
true for isolated blocks at depth. As such the concept of intensive preconditioning was implemented 
and evaluated.  
Most of the work reported in the literature, including that by Codelco, Rio Tinto and Newcrest, has 
focused on preconditioning by hydraulic fracturing. The mechanisms of preconditioning by 
confined blasting are still not fully understood and remain an active research area. In addition, there 
is a lack of clear understanding of the mechanics and response of the rock mass behaviour due to 
preconditioning applications and of its subsequent impact on cave performance. Attempts have been 
made to quantify these changes and their effects on the rock mass but so far these have not been 
successful. There is therefore a clear need to understand the impact of intensive preconditioning on 
rock mass condition and behaviour in the cave inducement and propagation processes. 
Preliminary preconditioning trials at Cadia East Mine 
As part of the preliminary tests described in Chapter 3 the following parameters were considered 
important for any preconditioning trials (i.e. hydraulic fracturing and confined blasting). In the case 
of hydraulic fracturing: 
The minimum fracture spacing that could be achieved using current hydraulic fracturing technology 
is in the range of 1.25 m or 2.5 m.  
Hydraulic fractures were created up to 500 m beneath the collar of boreholes and to about 1,000 m 
below the surface under competent rock mass conditions and in a high in-situ stress field.  This 
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showed that hydraulic fracturing could be effectively applied at those depths. Breakdown and 
instantaneous shut-in pressures increased slightly with the depth of the hydraulic fractures but these 
pressures were within safe operational values.  
Hydraulic fracture propagation distance and the final fracture geometry in terms of minor and major 
radii were estimated using observations from the mine-through intersections and the interpreted 
fracture path. These were estimated to be in the range of 40 m to 60 m in radius. The propagation 
distance and geometry of these fractures are in reasonable accord with work reported by others (e.g. 
ICS II).   
In the case of preconditioning by confined blasting the following conclusions were reached. 
The adopted parameters based on Codelco experiences were validated and refined further. This 
included the priming of holes and characteristics of the explosive product.  Operational parameters 
and implementation procedures were established. Blast monitoring and site inspections showed that 
under the confined blasting conditions adopted at Cadia East, no visible damage was observed on 
adjacent excavations or ground support systems. 
Preliminary estimates of rock mass damage around a confined blast hole, using direct measurements 
and a site specific Holmberg-Persson near-field model, indicated peak particle velocities between 
1,500 mm/s and 3,000 mm/s up to 8 m away from the blast hole. This suggested that a zone of 
influence 8 m away from the blast hole may be reached. Given the reported limitations of this 
empirical approach, blast modelling that accounted for stress attenuation and interaction was found 
to be necessary to verify the extent of potential damage. 
In both preconditioning techniques, tests showed that the stress field (orientation and stress 
anisotropy) must be considered during design. 
Field trials provided the basic parameters for the implementation of intensive preconditioning and 
should therefore become integral part of the preconditioning design process.  
Modelling of Confined Blasting 
The hybrid stress blasting model was used to study in more detail confined blasting applicable to 
the design proposed for lift 1 at Cadia East. 
The benefit of this modelling exercise was to quantify the effects of blasthole spacing, charge 
length, primer position and existence or otherwise of stress interaction. Due to operational 
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constraints the implementation of the base case (four holes pattern drilled from the undercut level) 
was adopted and incorporated into the final intensive preconditioning design parameters. However 
modelling results demonstrated that the optimum pattern to maximise “interaction” between holes 
would have been a six holes pattern defined as the ultra-preconditioning case.  
Intensive preconditioning implementation at Cadia East Lift 1 Panel Cave  
In practice hydraulic fracturing should be done first followed by confined blasting.  The hydraulic 
fracturing system as applied at Cadia East included: 
 equipment for storing and pumping the fracturing fluid, 
 pump for inflating the open-hole packers, 
 a treating line for carrying the fluid from the pump to the hole collar, 
 an injection string that is run into the hole to carry fluid to the packer interval, 
 instrumentation to record pressure and injection rate, and  
 an inflatable straddle packer tool 
The confined blasting system as applied at Cadia East included: 
 up-hole drill equipment, 
 an anchor device which is placed at the toe of the hole, 
 a wire rope or lift line which is used to lift the breather tube and initiation system, 
 a string line that is run into the hole with all electronic detonation or initiation points (i.e. 
primers), 
 a pipe work system (i.e. emulsion pipe, initiation pipe, breather pipe and grout pipe and 
manifold) which is set up for grouting the stemming plug and explosive charge and,  
 an explosive charge loaded into the up-hole (e.g. emulsion) 
Because intensive preconditioning is effectively a combination of two batch systems, the logistics 
of implementation such as drilling capacity, water availability, explosive supply and delivery should 
not be underestimated. 
Intensive Preconditioning Assessment 
From the work conducted and described in Chapter 6, there was no clear evidence that 
preconditioning by hydraulic fracturing can reduce intact rock strength. This is not necessarily an 
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unexpected result, as the hydraulic fracturing process is expected to have a more significant impact 
at the rock mass scale rather than the intact rock material scale. 
After intensive preconditioning, the results indicated that damage thresholds prior to failure are 
different from the in situ condition. These values are statistically lower and showed the potential of 
a disturbed zone that can be characterised by micro fracturing. The analysis showed that when 
compared to the in situ condition, the onset of massive damage (i.e. σmd) prior to failure is occurring 
at lower axial stress, suggesting that intact rock has been altered. Further work is required to 
validate the extent of this effect in relation to disturbed zones thresholds. 
With regards to the assessment of caving behaviour using microseismicity in conjunction with 
Gutenberg and Richter (G-R) analysis showed that for rock masses without preconditioning, mining 
induced seismicity behaviour is less favourable (higher magnitude and frequency)  than a rock mass 
with intensive preconditioning. 
For a rock mass with either preconditioning technique, (i.e. hydraulic fracturing or confined 
blasting), the relative comparison shows that intensive preconditioning produces a much more 
favourable condition in the majority of cases. There are however cases where the behaviour can be 
classified as similar, nevertheless it is evident that intensive preconditioning reduced the high 
magnitude of seismic events as well as diminished considerably the frequency of the seismicity. 
Overall results indicated that intensive preconditioning achieves beneficial outcomes in terms of 
seismicity management in a condition where the block is fully confined and at depth. 
Draw rate data showed that Cadia East had a draw process during caving to breakthrough much 
more favourable than Palabora and Esmeralda mine, where no preconditioning was applied. Draw 
rates were between 10% and 15% higher at Cadia East in relative terms than blocks without 
preconditioning. The largest difference was shown to be approximately 25%.  
When compared to operations with at least one form of preconditioning, draw rate data showed that 
intensive preconditioning can still achieve higher draw rates of the order of 15% to 28%, with 
differences of up to 38% in relative terms. 
Overall, intensive preconditioning appears to accomplish better draw rates during its breakthrough 
process (i.e. up to 400m). It is also important to note that this improvement in performance is 
achieved in a confined condition and at depths relatively greater than most block and panel caving 
operations. Additionally, data indirectly indicates that cave initiation and propagation was faster 
when compared to blocks and panels from other operations. This can provide a significant 
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advantage in terms of productivity during ramp up. However further work is required to correlate 
draw rates and cave propagation.  
 FUTURE WORK  7.2
 In confined blasting, the role of gas pressure on the potential extension of radial fractures and 
existing discontinuities needs to be quantified. This means that fit for purpose instrumentation 
needs to be developed.  
 There is a need to further develop accelerometer technology to measure the intensity and 
attenuation of detonation stresses, this may involve the use of wireless technology to facilitate 
the installation and monitoring stages.  
 The detonation performance of confined blasting could be indirectly measured by the near field 
monitoring system (i.e. array of triaxial accelerometers).  However it would be beneficial to 
directly measure velocity of detonation along the whole column, given that only a section could 
be monitored with existing technology (i.e. resistance wire technique to measure velocity of 
detonation in the lower part of the hole).  
 Understanding the geometry of hydro fractures is an area that requires further research. There is 
still uncertainty regarding the shape of the fracture for a given geotechnical environment. This 
is important because modelling techniques rely on making assumptions about the shape. 
 There is an opportunity to address the limitations of current numerical models by including 
specific tools that can adequately consider stress anisotropy and damage thresholds to give a 
better indication of the extent of disturbed zones.  
 Further validation of the proposed damage thresholds to quantify intact rock damage through 
strength tests with acoustic emission is required. In addition, further evaluations are needed to 
understand the effect on the intact rock elastic modulus. More importantly it is necessary to 
conduct comprehensive research to incorporate this new knowledge to better quantify the 
overall effect on rock mass strength.  
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